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Optical Neuron by Use of a Laser Diode with
Injection Seeding and External Optical Feedback

Evert C. Mos, Jurgen J. L. Hoppenbrouwers, Martin T. Hill, Associate Member, IEEE, Martijn W. Bliim,
Jean J. H. B. Schieipen, and Huig de Waardt

Abstract—We present an all-optical neuron by use of a multi-
mode laser diode that is subjected to external optical feedback and
light injection. The shape of the threshold function, that is needed
for neural operation, is controlled by adjusting the external feed-
back level for two longitudinal cavity modes of the laser diode in-
dividually. One of the two modes corresponds to the output of the
neuron, lightinjection at the wavelength of this mode provides exci-
tatory input. Light injection in the other mode provides inhibitory
input. When light corresponding to two input signals is injected
in the same mode, summation of input signals can be achieved. A
rate-equation model is used to explain the operating principle theo-
retically. The proposed injection seeding neuron is built using free-
space optics to demonstrate the concept experimentally. The results
are in good agreement with the predictions from the rate-equation
model. Some experimental results show threshold functions that
are preferable from a neural-network point of view. These results
agree well with injection locking theory and experiments reported
in literature,

Index Terms—Hardware implementation, injection seeding,
laser diodes, optical feedback, optical neural networks, optical
telecommunications.

1. INTRODUCTION

HE optical domain is attractive for hardware implemen-
tation of neural networks because of the high degree of
parallelism that can be achieved in optical systems. An optical
neural network was first presented by Psaltis and Farat[1]. Since
then, optical implementation of neural networks has been the
subject of many studies (for an overview se, e.g., [2] and [3D).
As pointed out by Jutamulia ef al. [3], the threshold function
needed for neural operation is realized in the electrical domain
for most of the proposed optical neural networks. In this paper
we describe a method to apply inputs and provide threshold op-
eration in the optical domain. The threshold operation is imple-
mented by use of the sensitivity of a multimode laser diode to
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Fig. 1. Schematic drawing of injection seeding neuron concept. A laser diode
Lis provided with external optical feedback for two wavelengths (A, and A;)
to control the net optical gain at these wavelengths. By use of a tunable laser
source II, light can be externally injected in laser diode I to switch the laser to
one of the selected wavelengths.

external light injection. The threshold can be controlled by ap-
plying external optical feedback to the laser diode. The work
presented here is closely related to the laser neural network
(LNN) presented in earlier publications [4]-[6] in which we use
external optical feedback to implement the threshold operation.
As aresult, the inputs in the LNN are in the optical transmission
domain.

With the work presented in this paper as well as with the
LNN we aim at applications in optical telecommunications [6].
For this application area it is especially important to have all-
optical neural operation. The inputs and outputs of such a neural
network should preferably be in the optical power domain. The
all-optical neuron presented in this work has inputs as well as
output in the optical power domain.

The concept of the all-optical neuron is explained in Fig. 1
and relies on the injection of light from a source laser (II) into
a laser diode (I). This technique, commonly known as injection
seeding or injection locking is well documented [7]-[16] and
has applications such as frequency conversion for telecommuni-
cation applications [11], [12]. In our optical neuron, we combine
injection seeding and optical feedback to obtain neural-like op-
eration. The laser that receives the injected light will represent a
single neuron. This is in contrast with work on the laser neural
network [4]-{6] where a single laser diode provides a multitude
of neurons.

The principle of operation of the proposed injection seeding
neuron is illustrated in Fig. 2. By use of controlled external op-
tical feedback, laser diode I can only operate in one of two lon-
gitudinal modes. The figure shows conceptual drawings of the
power spectra of the laser diode in two states. The left part of
the figure shows the spectrum of the laser diode that is lasing
in a certain mode 1, at wavelength ), and corresponds to the
state of our laser neuron without external light injection. Mode
2, corresponding to wavelength A3, is just below threshold and
its optical power is defined as the output of our injection seeding

1045-9227/00$10.00 © 2000 IEEE
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Fig. 2. [lllustration of the operating principle of our injection seeding neuron.
The left part of the figure shows the spectrum of a laser emitting at wavelength
Ay (mode 1) without injection seeding. By injecting light in mode 2, the
emission spectrum of the laser can be locked to Az, the output wavelength of
the neuron. The output power at A; will vary nonlinearly with the amount of
injected power yielding neural-like behavior with an excitatory input. When
the neuron is active, the laser emits at A2, as shown in the middle part of the
figure. In this state, injection of light at A, can force the laser back to emit at
A1. Again a nonlinear, neural-like function is associated yielding an inhibitory
input. The resulting state is shown in the right part of the figure.

neuron. Laser diode I can be made to emit this spectrum by
carefully controlling the amount of external optical feedback for
wavelengths A; and A;.

If the source laser II operates at A2, and the amount of in-
jected optical power is high enough, laser diode I will be locked
to the injected light at wavelength A;. The power spectrum of
the resulting state is shown in the middle part of Fig. 2. The
optical power at wavelength Ay, and thus the output of our in-
jection seeding neuron, will vary nonlinearly with the amount
of externally injected light at wavelength Az. Itis this nonlinear
response that is used to obtain neural-like action. The injected
signal at wavelength A corresponds to an input signal of the
neuron. From the preceding it is clear that this input signal
causes the output of the neuron to increase and hence it is exci-
tatory.

Inhibitory inputs can be obtained by injecting light at wave-
length A;. Injection of light at this wavelength can cause laser
diode I to go back to the original state where mode 1 domi-
nates over mode 2 as drawn in the right part of Fig. 2. Again,
a nonlinear, neural-like response is associated with the amount
of injected light and the output power of the neuron. In the case
of injection in mode 1 the input has a decreasing effect on the
output of the neuron.

The shape of the nonlinear threshold function and the level
of the threshold will depend on the amount of optical gain and
losses of laser diode I at wavelengths A; and A2. By controlling
the extemal optical feedback conditions for laser diode I, the
optical losses can be controlled for each wavelength of the laser
diode independently. This can be used as a way to control and
shape the threshold function of our injection seeding neuron.

Summation of inputs can be obtained by simultaneous injec-
tion of several optical input signals. Excitatory inputs should be
injected at wavelength A2, inhibitory inputs at wavelength ;.
Weights can be assigned to the inputs by attenuating the optical
signals prior to injection into the laser diode.

The operating principle will be theoretically verified in Sec-
tion II where we use a rate-equation analysis to model our laser
diode with light injection and optical feedback. In Section III
we present the experimental setup used to demonstrate the in-
jection seeding neuron. The results are presented in Section IV
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and discussed in Section V. We conclude the paper in Section VI
by giving recommendations for future work.

II. THEORY

Injection locking of semiconductor lasers has been studied
extensively in literature [7]-[16]. A laser diode can be locked
to an externally injected signal if the wavelength of the injected
signal is inside a wavelength range around a fundamental wave-
length of the laser diode. The size of this locking range depends
on the amount of externally injected power and the linewidth
and power of the originally lasing mode.

A. Rate-Equation Analysis

In this section, we examine the combined effect of injection
seeding and external optical feedback theoretically. To verify
the concept of the injection seeding neuron, we model the laser
as having two longitudinal modes with external light injection
and external optical feedback for both of the modes.

As will be described in subsequent sections, the experi-
mental injection seeding neuron consists of an antireflection
(AR) coated laser diode that is coupled to an external cavity.
However, for simplicity we model the system as a solitary laser
diode with two longitudinal modes. The external reflectivity
will be incorporated in the model as the effective reflectivity of
the laser diode facet facing the external cavity. The simplified
model is valid in our situation because the external cavity
reflectivity is much larger than the residual reflectivity of the
AR coated laser diode facet. In other words, the laser diode
operates in the strong feedback regime [17].

The two longitudinal modes of the laser are labeled mode 1,
and mode 2. As mentioned previously, the output of our neuron
corresponds to mode 2 of the laser. Light can be injected in mode
1 and 2. The laser diode subjected to external light injection
can be described by a set of rate equations [18] for the complex
optical field and the number of carriers inside the active region.

To simplify the analysis we constrain the problem to exter-
nally injected light with a frequency that is inside the stable
part of the locking range for both modes [13]. Furthermore we
assume a constant phase difference between the externally in-
jected optical field and the internal optical field. With these sim-
plifications the photon phase can be omitted from the rate equa-
tion model and instead of the complex field equations we can
use the equations for the photon number of the two modes. The
photon number P, (¢) of the two modes m = 1,2 can be de-
scribed with [18]

dP,(t)
dt

= (Gm — Ym)Pm(t) + Rop + 2kc\/ Pr(t) P’ . (1)

The first term in the right part of (1) represents the net gain,
where G,, is the wavelength dependent optical gain and v, is
the photon decay rate for a mode. In this theoretical description
we assume that both modes have approximately the same wave-
length and thus experience the same optical gain, G. The second
term in the right part of (1), R,p, is the rate of spontaneous emis-
sion in mode m. Both gain and spontaneous emission are linear
dependent on the carrier number [18].



990

In the injection seeding neuron, external feedback is used to
control the net modal gain via the photon decay rate -,,. For
mode m we can write

=ty | oy +-1—l !
Ym = Vg | Qint 3L n m

where v, is the speed of light inside the laser material, c;,, is
the internal cavity loss and L the cavity length. Ry is the facet
reflectivity of the uncoated laser diode back facet and Rzt 1s
the effective facet reflectivity controlled by the external optical
feedback for mode m. :

External light injection is represented in the model by the in-
jected photon number for mode m, Pini The coupling between
the externally injected photons and the photons inside the active
region is accounted for by a coupling constant k, (18].

The rate equation model is completed with an equation for
the carrier number N(t) given by

@

2
dJ:/;t(t) - g XN = 3 GuPul?). &)

m=1

The first part of the right-hand side of (3) accounts for the
electrically injected carriers in the active region, the second part
for the spontaneous carrier decay and the third part for the stim-
ulated carrier decay.

In this section we are concerned with finding the laser output
power in the two modes as a function of the power injected
into one (or both) of the modes. We now define this nonlinear
function of output power versus externally injected power as the
threshold function for the laser. This threshold function can be
found from the steady-state solution of the rate equations (1) for
modes m = 1,2 and (3). The steady solution can be found by
solving the following equations for N, P;, and P,:

(G-=1)P.+R,p + 2kc\/ PP =0 @
(G = 72)Py + Ryp + 2ker| PP =0 5)
I
e YN — G(P, + P;) =0. (6)

B. Numerical Simulations

Let us first consider injection of light in mode 2 to verify ex-
citatory input. The output of the neuron versus injected photon
number in mode 2 is shown in Fig. 3 for different values of
R..:2. The figure shows two threshold functions with reflec-
tivity Ry 2 set to 30% (a) and 25% (b). The laser diode back
facet reflectivity for both modes, Ry, was set to 32%, which is
the reflectivity for the uncoated laser diode facet. The front facet
reflectivity formode 1, R.;+,1, was arbitrarily set to same value.
As can be seen from Fig. 3, increasing the injected light power
causes mode 1 to be switched off and mode 2 to start lasing, as
expected. Note that for a lower external reflectivity for mode 2,
more power is required to switch the laser from mode 1 over to
mode 2. This can be used to control the shape of the threshold
function. The slope of the threshold function decreases with de-
creasing Reg: 3.
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Fig. 3. Simulation results of the photon number in the two modes, 1 and 2, as
a function of injected photon number in mode 2. The optical losses for mode
2 is lower in the top then it is in the bottom. In the top, Rezt,2 = 30%, in
the bottom, R,.¢,2 = 25%. Both Figs. show a nonlinear relation between the
amount of injected photons in mode 2 and the photon number of mode 2, the
output of our proposed neuron.
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Fig. 4. Simulation results of the photon numbers in two modes, 1 and 2, as a
function of injected photon number in mode 1 with a constant injection of 1200
photons in mode 2. The photon number of mode 2 is a nonlinear, decreasing
function of the number of injected photons in mode 1.

The results presented in Fig. 4 demonstrate an inhibitory input
signal. A constant amount of photons, 1200 in our simulations,
is injected into mode 2, so that mode 1 is initially turned off
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Fig. 5. Experimental setup to demonstrate the proposed injection seeding
neuron. Laser diode I is coupled to two external cavities, wavelength tunable by
use of gratings G1 and G2. A neutral density filter, ND controls the feedback
efficiency for one cavity. Light from two continuously tunable laser sources II*
and II® is injected via a beam splitter, BS2, and an isolator, ISO. Light from
laser source II* can be variably attenuated by use of a liquid-crystal (LC) light
valve, and monitored via BS3 with a photodiode detector. A neutral density
filter attenuates the light from laser source I’ by a fixed amount. A/2-plates
are inserted to match polarization states for optimum optical throughput.

and the laser is in the state corresponding to the middle part of
Fig. 2. To turn mode 1 on again light is injected into mode 1, the
inhibitory input. The results were obtained with Rezt,2 at 25%
and R.z¢,1 setto 32%. Due to the constant injection in mode 2,
this mode does not switch off completely.

In order to relate the results of this section to the experimental
results, it should be noted here that the photon number is directly
proportional to optical power. From Figs. 3 and 4 it can be seen
that injection of about 1% of the optical power is sufficient to
switch the laser between modes 1 and 2.

III. EXPERIMENTAL SETUP

In order to experimentally verify the concept of the all-optical
neuron, a laser diode is needed with controllable optical feed-
back and external light injection for at least two longitudinal
modes.

A. Optical Feedback

A setup is shown in Fig. 5. It consists of a laser diode (laser
diode I, Uniphase CQL806, A ~ 680 nm) coupled via a beam
splitter, BS1, to two external cavities, one for each mode. For
each cavity, the first-order reflection of a diffraction grating (G1
and G2, 2400 I/mm) is coupled back into the laser. The optical
feedback is wavelength selective in this way and gratings G1
and G2 are tuned to wavelengths A; and Ay corresponding to
modes 1 and 2.

The exit facet of the laser diode facing the external cavity is
provided with an antireflection coating with a residual reflec-
tivity of approximately 5 X 10~*. If the external optical feed-
back is sufficiently high, laser action will be dominated by the
external cavity instead of the internal cavity of the laser diode
[17]. Consequently, the laser will oscillate at the wavelength se-
lected by the external cavity with the highest reflectivity. Neu-

tral density filters can be inserted in the external cavity corre-
sponding to G2 to set the amount of optical feedback for this
cavity. The laser is temperature stabilized to prevent thermal
drift of the mode wavelengths. A A/2 plate is inserted to tune
the polarization angle for optimal reflection at the gratings.

B. Light Injection

The output of two tunable laser sources II* and 1* (Sacher
Lasertechnik TECS500 series) is injected in the external cavity
laser diode via a beam splitter (BS2). An isolator is used to pre-
vent coupling of the light from the laser diode I to the tunable
laser sources. A A/2 plate is added to match the polarization
state of injected light to that of the laser diode. For one source,
I1*, the amount of injected power is made continuously variable
by use of a liquid crystal light valve. With a photodiode detector
we measure the amount of injection from this source. We can
set the amount of injected power from the second source, 1>,
to discrete values by use of neutral density filters. The amount
of injected power from this source is measured by inserting a
photodiode detector in the light path (not shown in the figure).

The wavelength of the injected light must be inside the
locking range, that increases with decreasing cavity length {7],
[9], [10]. For this reason, the external cavities are kept as short
as possible. The resulting locking range is estimated at ~10
MHz. The wavelength stability of the tunable laser sources is
within this range with unchanged drive current. Controlling the
amount of injected light by changing the drive current of the
tunable laser diodes would cause an unacceptable wavelength
change.

C. Measurements

To monitor the spectral behavior of the laser diode I, the Oth
order reflection of one of the gratings is directed to two spectrum
analyzers. An optical multichannel analyzer (OMA) is used to
measure the output spectrum of the laser at a coarse wavelength
scale (resolution 0.25 nm, range 26 nm). This analyzer is used
to measure the output power in the modes of the laser diode.
The laser spectrum is also monitored at a finer scale by a Fabry
Perot etalon (resolution 10 MHz, free spectral range 1.5 GHz),
to verify whether the laser is lasing at a single external cavity
mode.

With the setup of Fig. 5, the threshold functions can be mea-
sured by monitoring the output power in the two external cavity
modes of laser diode I (via the OMA) while the amount of power
injected by laser source Il is varied. Since both injection sources,
II* and II®, can be tuned to either one of the modes at A; and
g, excitatory and inhibitory inputs as well as the adding of input
signals can be experimentally demonstrated.

1V. EXPERIMENTAL RESULTS

With the setup described in Section III, the threshold func-
tions predicted by theory are experimentally verified. In all mea-
surements presented in this section, the wavelength separation
between the two modes was about 1.5 nm to ensure equal gain
for the modes. The driving current of the laser diode was in the
range of 60 to 70 mA. The total optical output power of the laser
diode at this driving current measured ~5 mW.
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Fig. 6. Measured optical power in the two selected modes as a function
of injected optical power in mode 2. (Top) Without neutral density filter;
(Bottom) with neutral density filter. The power of mode 2 increases nonlinearly
with increasing injection power in this mode. The power in mode 2 increases
more rapidly as a function of injected power without the neutral density filter
(compare Fig. 3).

A. Excitatory Input

In a first experiment an excitatory input is demonstrated. By
controlling the feedback for both modes, mode 1 is made to
lase in the absence of injected power. Next, light is injected
at the wavelength corresponding to mode 2 with tunable laser
source II* only. The results are shown in Fig. 6. The amount of
power injection in mode 2 is gradually increased from 0 uW to
about 15 uW. The figure shows two nonlinear functions for dif-
ferent levels of the external feedback efficiency for mode 2. In
Fig. 6(bottom) the feedback level for mode 2 is approximately
a factor of 2 lower than that in Fig. 6(top). The figure shows the
basic threshold function as well as the possibility to change the
shape of the threshold function.

In the measurements corresponding to Fig. 6, the wavelength
of the injected signal was adjusted to obtain optimal injection
locking. If the wavelength is slightly changed (~10 MHz) from
this optimal wavelength, different results are obtained. These
results are shown in Fig. 7 where much steeper threshold func-
tions can be observed. Compared to the measurements of Fig. 6,
more injected power is needed to switch on mode 2.
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Fig. 7. Same as Fig. 6, but with a slight wavelength detuning of the injected
signal. Much steeper threshold functions can be observed. More power is needed
to switch the active mode.

B. Inhibitory Input

To demonstrate inhibitory inputs, the laser is first made to
lase at wavelength A; by setting the external reflectivity for the
two modes 1 and 2. Now, 25 uW of optical power is injected
in mode 2 by use of tunable laser source II°. As a result, the
laser oscillates at wavelength A2 as is expected. Fig. 8 shows the
optical powers in both modes when power is injected in mode
1 by use of tunable laser source II* with simultaneous constant
injection in mode 2. If sufficient power is injected in mode 1, the
laser switches to this mode and the power of mode 2 decreases.

Again, the experiments were repeated with a slight detuning
of the injection source wavelength (laser source 11*). The re-
sults, presented in Fig. 9, show a much sharper threshold func-
tion.

C. Input Summation

To demonstrate the summation of two input signals we tuned
both laser sources II* and II” to wavelength A corresponding
to mode 2. By controlling the external feedback, mode 1 at Ay
was made to lase.

First we measured the threshold function with injection by
laser source II* only. The results are represented by the drawn
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Fig. 8. Measured optical power in the two selected modes as a ﬁm.ction of
injected optical power in mode 1 with a constant injection of 25 pW in mpde
2. The power in mode 2 shows a nonlinear decrement as a function of light
injection in mode 1 (compare Fig. 4).
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Fig.9. SameasFig.8. butwitha slight detuning of the injected signal in mode
1. A much steeper threshold functions can be observed.

lines in Fig. 10. Next, laser source 1 is used to inject an addi-
tional 5.6 pW in mode 2. Again the amount of power injected
with laser source II* is varied and the optical power in the two
modes is measured. The results are plotted with dotted curves
in Fig. 10. The dotted lines can be considered a leftward shifted
version of the drawn lines. The shift is due to the extra injection
into mode 2 and is ~4 uW. Note that only the linear part of the
threshold curve is visible. This is due to the fact that the amount
of losses for mode 2 were higher then those in the measurements
presented in Fig. 6.

V. DISCUSSION
A. Basic Neural Operation

The experimental results on the excitatory and inhibitory
input, presented in Figs. 6 and 8, are in close agreement with
the theoretically predicted curves of Figs. 3 and 4. The results
of simulations and experiments demonstrate that the output
of our proposed injection-seeding neuron exhibits neural-like
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Fig. 10. Measured optical power in the two selected modes as a function of
injected optical power in mode 2 (II*) with and without a constant injection of
5.6 4W inmode 2 II*. The drawn lines correspond to the measurements without
the addition al injection, the dotted lines to the measurements with the additipnal
injection. The dotted lines can be considered a shifted version of the drawn lines.

behavior as a function of injected optical power. The shape and
the level of the threshold can be varied by changing the amount
of optical feedback for the two modes of the laser diode.

The ratio between the neuron output power and the injected
optical power was about 10® in the measurements. In the
simulations this ratio was about 102. This discrepancy can be
due to differences between the used laser parameters, obtained
from literature [18], and the actual laser parameters for our
laser diode. Also the estimated optical feedback level and
coupling efficiency will differ from the actual parameters.

B. Steep Threshold Functions

More discrepancy can be observed between the simulation re-
sults of Figs. 3 and 4, and the results presented in Figs. 7 and 9.
The measured threshold functions have a much steeper transi-
tion region than the simulated ones. The measured results pre-
sented in these figures were obtained with a slightly detuned in-
jection source. We believe that the differences are caused by this
detuning and the shape of the locking region. The locking range,
in this context, is the area in the detuning—injected power plane
in which the laser locks to the injected signal. Various shapes of
the locking range have been reported [9], [10],[13], [14]. Fig. 11
shows a schematic drawing of one of the reported shapes for the
locking range (after [13]). The curves in the figure represent the
edges of the locking range. The area within the solid lines is
the stable locking range, the area between the solid line and the
dashed line is the unstable locking range.

In our theoretical model we assume that light is injected
within the locking range of the laser diode. This proved to
be a valid assumption for the measurements of Figs. 6 and 8.
Hence, the trajectory of the light injection corresponding to
these figures can be represented by arrow A in Fig. 11. When,
however, the frequency of the injection source is detuned, as
was the case for the measurements presented in Figs. 7 and
9, the injection is not always inside the locking range. This
situation is indicated with trajectory arrow B in Fig. 11. Now,
the locking range is only reached when the power exceeds a
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Fig. 11. Plot of frequency difference between injected signal and free running
signal of a laser diode showing various locking ranges (after [13]). Stable
locking occurs in the range within the solid lines. The area between the dashed
and the solid line corresponds to the unstable locking range. Solid arrows
indicate measured trajectories. Arrow A corresponds to Fig. 6, arrow B to
Fig. 7. The dotted arrow C is the trajectory of [7], [15], [16].

certain value. This explains why more injected power is needed
to switch the active mode of the laser.

The sharp transition in the laser output power from the un-
locked to the locked condition on this side of the locking range
was already reported by a number of groups [7], [15], [16].
These groups investigated the locking properties of injected
light having a varying optical frequency as indicated by the
dotted trajectory arrow C. They explain the sharp transition
by the carrier induced refractive index change caused by the
injected signal.

From a neural-network point of view, the experimentally ob-
tained threshold functions of Figs. 7 and 9 are preferable to the
experimental results of Figs. 6 and 8 and the theoretically pre-
dicted curves of Figs. 3 and 4. A smaller change in externally
injected light is needed in the results of Figs. 7 and 9 to switch
the neuron from an inactive to an active state. As the amount of
injected light corresponds to the weighted sum of inputs of our
proposed neuron, a higher number of inputs would be possible
with the threshold functions of Figs. 7 and 9. Furthermore, the
shape of the threshold function of Figs. 7 and 9 is closer to a sig-
moid (S-like) shape that is commonly used in neural networks
[19].

C. All-Optical Bipolar Inputs

As demonstrated both in theory and experiment, excitatory
as well as inhibitory inputs are possible with our conceptual
all-optical neuron by simply injecting the input signals at se-
lected wavelengths. In other optical neural networks, inhibitory
inputs are usually implemented by electronic subtraction (see,
e.g., [1], [20]-[22]). The advantage of our approach is that no
convetsion from the optical to the electrical domain is necessary.
Another all-optical way of implementing bipolar inputs uses in-
terferometrical methods [23]. This method requires a high level
of optical coherence and mechanical stability.
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Fig. 12. Conceptual drawing of injection seeding neuron with some
connections. (a) With a number of weighted inputs and one output. Wavelength
converters (A — X) are used to copy the input signals at Ao to A, in order to
provide excitatory as well as inhibitory weighted (w+ and w~) input signals.
(b) Injection seeding neuron with a number of weighted inputs and a number of
outputs. The input signals are copied to a Ao - - - A2 corresponding to outputs
Oy - - - 0. The wavelength with the highest sum of weighted (w) inputs will
be the only one lasting, resulting in a winner-take-all neural network.

Although both phase and frequency of the two injection
sources were not exactly equal in our experiment, summation
of input signals by simultaneous injection is demonstrated.
A 5.6 uW additional injection by a second source shifted the
neural response by 4 £W. Although the addition is not exact (a
shift of 5.6 uW would be expected), for neural operation it is
quite adequate as the neural weights can be adapted to equalize
the effect of each input signal. The results indicate that the
two injection signals do not need to be coherently added to
obtain summation. This eases the constraints on the design of
an all-optical neuron constructed from a number of injection
seeding neurons. The signals, however, need to be injected
inside the locking range of the laser diode.

In our laser neural network [4]-[6] the inputs are imple-
mented in the optical transmission domain. A single layer
neural network is realized with just one laser diode. In the
all-optical neuron presented in this paper, the inputs are trans-
ferred to the optical power domain which is advantageous for
the application area of optical telecommunications.

D. Optical Neural Network

To build a neural network, a number of injection seeding neu-
rons should be interconnected. In Fig. 12(a), a single injection
seeding neuron with a number of connections is depicted. An
input signal can either come from outside of the network or
from a another injection seeding neuron in the neural network.
Because in a general neural network both positively (w*) and
negatively (w™) weighted inputs are required, the input signals
Iy - - - I at g are copied to wavelength A; by means of a set of
wavelength converters (See, e.g., [11] and {12]). As presented in
this paper the light at Ag and A; can be used to provide excita-
tory and inhibitory input signals to an injection seeding neuron
operating at Ag. This output signal of the neuron, O, can serve
as an input signal for other neurons to form a neural network.
The weighted interconnection between the injection lasers in the
network can be achieved by use of a free-space optical matrix
vector multiplier [24] for each layer of the neural network. Any
network topology is possible with this concept.

Alternatively, other wavelengths of the laser diode could be
used to form a neural network with just one laser diode. This
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is shown schematically in Fig. 12(b). Now, all the input signals
are copied to a number of wavelengths Ag - - - Ay corresponding
to output signals Og - - - O. The resulting signals can be used to
provide excitatory inputs for the corresponding output. Due to
mode competition only the wavelength with the highest amount
of summed excitatory input will lase, suppressing laser action
at any other wavelength. Thus the resulting neural network will
be limited to a winner-take-all network that closely resembles
the laser neural network presented in earlier work [4]-[6].

Applications of the proposed all-optical neural network are
envisioned in data processing for the field of optical telecom-
munications. An example is the header processing task in a net-
work switch of a packet switched telecom network (see also [6]).
For such applications sufficient operation speed and functional
complexity are required. The speed of the injection locking con-
cept is already demonstrated to be compatible with the field
of optical telecommunications [11], [12]. The functional com-
plexity of the proposed winner-take-all injection seeding neural
network is expected to be equal to that of the laser neural net-
work. With the laser neural network we already demonstrated
training of functions toward the packet switching task. [6].

The injection seeding neuron, presented in this paper con-
sisted of a laser diode with controlled optical losses for two
modes. The controlled losses do not necessarily have to be im-
plemented with an external cavity setup. From a practical point
of view and considering the size of the locking range, it is prefer-
able to come to a compact, integrated optics, injection seeding
neuron.

VI. CONCLUSIONS

We have presented all-optical neural operation by use of light
injection in a laser diode. External optical feedback is used to
control the shape of the threshold function. By injecting light at
different wavelengths excitatory as well as inhibitory inputs are
possible with this concept. Summation of input signals can be
achieved by simultaneous injection of different input signals at
the same wavelength.

The injection seeding neuron is theoretically demonstrated
by use of a rate-equation model. An experimental setup is used
to confirm the operating principle of the proposed all-optical
neuron. We demonstrated basic threshold operation, excitatory
and inhibitory inputs as well as summation of input signals with
the experimental setup. The numerical results, predicted by the
model are in good agreement with the measurements. Under cer-
tain injection conditions, a threshold function is observed that
is preferable for neural operation. These results were obtained
with a detuned injection frequency and can be explained by con-
sidering the shape of the injection locking range.

To examine the feasibility of the all-optical neuron, it will
be necessary to build a (modest size) neural network. In
such a neural network the interconnection of neurons and the
weighting of these connections needs to be tested. Connecting
the output of one injection seeding neuron to the input of
another injection seeding neuron will require a certain level of
wavelength stability of the external cavity laser diodes as the
characteristics of the injection seeding neurons depend on the

injected wavelength. The level of wavelength stability should
be investigated before starting experiments on a neural network.
For the proposed application area of optical telecommunica-
tions, it is of great importance that the operation speed of the
neural network is sufficiently high. Although previous work in-
dicates the possibility of using injection seeding for telecom ap-
plications, this issue should be addressed in future work.
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