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Abstract: ~ We theoretically demonstrate the realization of a complete
canonical set of all-optical logic gates (AND, OR, NOT), with a per-
sistent (stored) output, by combining propagative spatial solitons in a
photorefractive crystal and dissipative cavity solitons in a downstream
broad-area vertical cavity surface emitting laser (VCSEL). The system
uses same-color, optical-axis aligned input and output channels with fixed
readout locations, while switching from one gate to another is achieved
by simply varying the potential applied to the photorefractive crystal.
The inputs are Gaussian beams launched in the photorefractive crystal
and the output is a bistable, persistent soliton in the VCSEL with a
‘robust’ eye diagram and large signal-to-noise ratio (SNR). Fast switch-
ing and intrinsic parallelism suggest that high bit flow rates can be obtained.

© 2014 Optical Society of America

OCIS codes: (190.6135) Spatial solitons; (190.5970) Semiconductor nonlinear optics includ-
ing MQW; (190.5330) Photorefractive optics.
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1. Introduction

Spatial solitons are the most appealing and investigated carriers for information encoding and
processing in photonic devices. In fact nonlinear waves are the phenomena of radiation most
endowed with strong and controllable macroscopic interaction which is fundamental in logi-
cal computation, while still photon interaction is a formidable task in modern photonics [1].
Confinement and controlled propagation of information carriers is essential for achieving basic
operations such as routing, switching and processing in a broad sense; so even when diffraction,
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nonlinearity and dispersion are not the keywords, other mechanisms are adopted, as in photonic
crystals [2] or plasmonics [3] where the material structure ensures the confined path that light
follows in the device, and the steering thereof.

Propagative solitons, such as those occurring in nonlinear crystals of various types (liquid,
parametric, photorefractive, etc.) have risen a considerable interest, because their varied and
flexible interaction properties are the cornerstone of the processing functionalities [4]. Solitons
drifting in each other’s wake, or around externally induced modifications of the refraction index,
allow to dispatch the carried energy/information to the selected ’output’ location, where differ-
ent interactions produce various gates or operators (copy/fan/etc...). Yet, propagative solitons
are intrinsically transient so the results must be stored by resourcing to other optical or opto-
electronical means. In addition, intensity thresholds for 0’ and *1” must be defined properly
and slight drifts of the final soliton destination, as well as soliton distortions due to fluctuations
affecting the interaction parameters might result in missing the threshold discriminator.

On the other hand Cavity Solitons (CS) occurring in semiconductors are by now well-
established reconfigurable, self-assembled light *pixels’ appearing as bistable intensity peaks
in the cross section of the emitted field, self-confined in a homogeneous background (either
dark, or of low intensity) [5, 6]. A number of interesting applications in all-optical informa-
tion processing such as dynamically reconfigurable storage, buffering, material analysis and
logic gates [7, 8, 9] have been proposed. CS can be pictured as local attractors of a dissipative
extended system, they are intrinsically bistable (i.e. on- and off- switching is ensured by a lo-
calized optical addressing leading the system beyond a separatrix [10]) and persistent when the
addressing pulse is removed. In particular the dissipative nature of CS complies with a strong
boundary in information theory, i.e. that a useful all-optical logic must be capable of yielding a
stable, storable, rewritable, output which according to the Landauer principle [11, 12] implies
dissipation and entropy production.

Combining electro-activated waveguides in a centrosymmetric photorefractive crystal (PRC)
and a broad-area VCSEL, operating at the same wavelength, was the key to recently show how
to provide an efficient device for switching and controlling hybrid solitons [13], by-passing
the need to optically address the VCSEL from the outside and combining the properties of
propagative and dissipative solitons.

When solitons face information processing applications, practical all-optical logic gates need
to grant a number of properties [14]. Save for the obvious requirements of speed, low power,
phase insensitivity, and parallelism (obvious when using 2D self-confined structures in devices
with large aspect ratio) one ought also to ensure that the device inputs, acting as the two logical
operands of the gate, and its output, acting as the gate result, belong to the same ’optical line’,
i.e. have the same propagation direction, wavelength and comparable intensities, so that cascad-
ing, fanning, etc. follow naturally. It is not trivial to achieve all these properties simultaneously.
For example, in [15, 16] the devices need different wavelengths and orthogonal propagation
directions for the input and the output, in [17] different input locations for the two beams corre-
sponding to the operands are required and in [18] different output locations are associated with
the results of a single logical operation. Another critical issue is the possibility to achieve opera-
tion in the devices as a set of logical gates constituting a functionally complete set; canonically
this set is identified as AND, OR and NOT, while NAND and NOR are each a functionally
complete set [19]. Of course, for ease of implementation and control, it is desirable that the de-
vices can switch from one gate function to another without modifications of the optical inputs,
in intensity/injection time, polarization state or spatial position.

In this paper we propose a scheme based on the same device of [13] where input beam of the
same intensity and phase (the issue of phase insensitivity will be discussed in the following)
propagate in a PRC and eventually control the switch-on of CS in the VCSEL, exhibiting the
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functionality of a canonical set of logical gates. The AND, OR and NOT gates are realized by
changing only the bias voltage of the PRC. This control is a global parameter, meaning that it is
not a local modification of the system. Also, the whole set of input and output readout channels
are fixed in the device. The result of the logical operator corresponds to a CS appearing in
the readout locations and it is a permanent (stationary) state of the system; it also has a fixed
intensity. We end the paper by discussing the possible performances of the proposed logic gates
in terms of SNR, robustness against parameters variation, digital information flow rate.

2. Model for CS formation in a coupled PRC-VCSEL system
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Fig. 1. Schematic of the proposed setup. A centrosymmetric photorefractive crystal PRC
is coupled with a broad area VCSEL driven by a spatially uniform field (not shown in
the picture). At the ’input ports’ infrared Gaussian beams are launched into the PRC and
propagate through solitonic waveguides written by using the photorefractive effect and
eletroactivated by the potential V,(¢). The latter, applied to the PRC using electrodes e 5
at a distance L, allows to control the field intensity and phase landscape at the exit of the
PRC on the scale of tens of nanosecond and eventually to switch on a CS in the VCSEL.

Here, we consider the hybrid conservative-dissipative device shown in Fig. 1 and described
in [13] where a centrosymmetric PRC is placed in contact with a VCSEL kept slightly below
lasing threshold and driven by a coherent, spatially uniform field named holding beam (HB).
The proposed set of logical operations is based on the electroactivation of photorefractive
solitons in the PRC, which act as waveguides for the propagation of self-confined, interacting
beams which in turn generate CSs in the VCSEL. This process consists of two stages: (i)
a writing phase at the visible wavelength A = 0.5 um, (ii) a readout at the near-infrared
wavelength A = 0.85 um. In the writing phase, when the PRC is not coupled with the VCSEL,
a refractive index modulation is encoded in form of two solitonic waveguides exploiting the
photorefractive effect in the PRC. In the readout phase two Gaussian beams are launched
through the PRC and linearly propagate through the previously imprinted refractive index
landscape. The latter can be modified on the scale of tens of nanoseconds [20] by means
of the electro-activation potential V,. In particular the guiding or (anti—guiding) character of
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the solitonic channels is determined by the sign of V,. Depending on the resulting phase and
intensity profile at the exit of the PRC a CS can be switched on in the VCSEL. We observe that,
contrary to the case discussed in [13], where only a plane wave launched into the PRC was
used to both switch on and manipulate CSs, here a spatially uniform external field (A = 0.85
um) is injected into the VCSEL to sustain stable CSs emission after the extinction of the
Gaussian beams.

The system dynamics is described by the equations of spatio-temporal field evolution in a
paraelectric crystal with bias [21, 22], coupled to those for a VCSEL with external driving
[23, 24].

Writing phase
In the writing phase an electromagnetic wave in the visible range (A=0.5 um) is launched into
an externally biased paraelectric crystal where charges are photo-generated. The charges spatio-
temporal dynamics due to diffusion and the applied potential modify the quasi static electric
field inside the crystal thus influencing in turn light propagation through the dependence of
the refractive index by its intensity. This photorefractive effect is characterized by typical time
scale of few seconds.

Formally, the change of the space charge density p(x,z,¢) in the PRC due to optical photo-
excitation and spatial redistribution is given by the charge continuity equation [21, 22]

KgpT,
ap = —lq {V- (NeE“C)) + Bq”*vzzve] , (1)

where V = (d,0.), ESO = (EF9 EP9y = _v¢ is the space charge field and the quasi-
electrostatic potential ¢ satisfies the Poisson equation V2¢ = —p /(€0€r) where & is the vacuum
permittivity and &, is the relative static permittivity, t and g are the electron mobility and charge
respectively, Kp is the Boltzmann constant, 7pg is the crystal temperature and

n=P W (Q—x8)*+42Q (Na/Na) — QxS] @)

2y

is the electron density, where N, and N, are the acceptor and donor impurity density, respec-
tively. Note that 8 is the rate of thermal excitation of electrons, 7 is the electron-ionized trap
recombination rate, S = 1 +p/(gN,), x = YNa/B, Q = 1+ |Epg/Ep|?, Epr(x,z,1t) is the slowly-
varying amplitude of the optical electric field polarized along x (at wavelength Apg=0.5 pm)
and E}, is the amplitude of the uniform background illumination. Furthermore, the optical field
dynamics is described by [21, 22]

9’E, k
i0.Epp+ 28— PR SnEpg 3)
2kpr npR
1
on = —En%Rgsg(er — 1)2[E§SC)]2, )

where npg is the uniform background refractive index, kpg = 27npr/Apg, g is the effective
electro-optic coefficient and On is the refractive index change associated with the standard
quadratic electro-optic response of paraelectric crystals.

In the description of the readout phase and logic gates operation we will suppose that the
profile of the refractive index modulation 87 has the form of two solitonic waveguides, encoded
in this phase. This can be achieved by applying a potential V;=10V and injecting into the PRC

two Gaussians of shape given by Epg s(x,z =0) = Ej x 1.06 <e_("_X0>2/2"2 —l—e_(”XO)z/z"z) ,
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where Xp=20 um, ¢ ~10 um [25]

Readout phase
In the readout phase two near-infrared beams (A=0.85 pm) are launched and propagate in the
PRC. During propagation they acquire an intensity and phase modulation that depends on the
refractive index landscape imprinted in the writing phase and on the values of the electroac-
tivation potential. The resulting optical field at the exit of the PRC, because of the coupled
PRC/VCSEL configuration, is injected into the driven VCSEL where it represents the CS ad-
dressing field.

The dynamical equations describing radiation-matter interaction in the VCSEL are [23, 24]

o 1 . . . C 2
QE, = T—p[f(1+19)EV+E1+2C(1—105)(N7l)Ev]+12kvnv8xEV (5)
1
N = —T—[N—Ip+|EV|2(N—1)], (6)

where Ey (x,t) is the slowly-varying amplitude of the optical electric field polarized along x
(at wavelength Ay =0.85 um) and scaled to the characteristic amplitude Ey, 7, is the photon
decay time, 0 is the cavity detuning between @ = 2mc/Ay and the closest cavity resonance,
C is the gain-to-loss ratio, ¢ is the linewidth enhancement factor, N is the carriers density
scaled to the transparency value Ny, ky = 27ny /Ay and ny is the background refractive index.
In the readout phase, where the PRC and VCSEL are coupled, the injected field Ej is the the
sum of the field at the exit of the PRC and the holding beam Eyp € % suitably normalized:
E; = (Exp + Epr(x,z2 = Lpg,t))/(Eov/T). The constant E is associated with the saturation
intensity Iy = eocnvEg /2 =hwLsNy/ (47, TC) where L, is the length of the region filled by the
active medium (generally Iy ~ 10KW/ cm?), and T is the mirror transmissivity. In the carrier
density equation, I, is the pump current, 7, is the carriers density decay time and we neglect
radiative decay and carriers diffusion.

Here, we have chosen photorefractive parameters associated with a crystal sample of
potassium lithium tantalate niobate (KLTN) at room temperature [22] and VCSEL parameters
associated with a single longitudinal mode GaAs-GaAlAs laser slightly below threshold
[24, 26]. Although the model in Ref.[24] is intrinsically suited for a 2D device such as a
VCSEL, we reduced it to a single transverse dimension to deal with the more simple case of 1D
solitonic waveguides in the PRC. This is also equivalent of assuming a rectangular VCSEL [27].

In the following section, by integrating the above models we provide a numerical demon-
stration that CSs formation in this hybrid device allows to implement a complete set of fast,
reconfigurable, logic gates. In particular we show that the truth table of the AND, OR and NOT
basic gates can be achieved by suitably tuning the global parameter V..

3. INPUT and OUTPUT channels definition. Logic operations

In the definition of the input and output channels of the proposed logic gates, we refer to the
scheme in Fig. 1.

In the readout phase the inputs operands A and B are represented by two Gaussian beams
launched through the imprinted waveguides in the PC at the positions X4=—10 um and Xp=10

um

Epr(x,z=0) = 0, t<1t
Epr(x,z=0) = Moef(xfo’B)z/zazﬂﬂ h<t<n @)
EpR()C,Z:()) = 0, t>n
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with u0:O.58E0\/7, 0=10 um, t; —tp~10 ns, ¢=mn/2 being the phase ¢ referred to the phase
of the HB. We assume that up# 0 in X4 (Xp) corresponds to bit *1” in A (B), while up=0 in
X4 (Xp) corresponds to bit ’0’ in A (B). The input beams propagate through the previously
imprinted solitonic pattern electroactivated by V,. At the exit of the PRC the resulting refractive
index profile is approximated by [28]

2
! Vi\? 1 Ve
5n(x,z = LPR) ~ 75}’1;)Rg83(£r — 1)2 <L) I—HTP -1+ V . (8)
x i) K
|Ep |2

From this saturated Kerr-like response it emerges that the guiding or anti—guiding character of
the solitonic channels is determined by the sign of V,. In particular for negative values of V,,
the radiation is confined around the position X=0 um. As an example in Fig. 2 we plot the
numerically calculated refractive index dn(x,z) for V, = £37.5 V. Depending of the choice of
V, the induced modulation of the phase and intensity profile at the PRC exit may or may not
switch on a CS in the VCSEL [23]. The output channel OUT, which contains the result of the
logical operation, is centered at Xp,, =0um, so that the occurrence of a CS in that position is
taken as a ’1” and °0’ otherwise.

According to the results reported in [13], we observe that depending on the phase profile
of the input beams at the PRC exit the CS forms and drifts in a final position Xp,, up to few
microns distant from the device center X = 0 um. This would not cause any readout error in the
realistic hypothesis that the pick-up area of the readout system (e.g. a photodetector) centered
at X=0 um is typically ~ 100 um?.

From the discussion above it is clear that the two beams that represent the *gates’ operands
(chosen in phase according to relation (7)) will gain different phases, relative to the HB, so
that the total field profile injected into the VCSEL will present intensity peaks that may be
appropriate or inappropriate to cause the CS onset. This, in a strict sense, makes our device
sensitive to the addressing phases. We note, however, that the phase variation depends on the
PRC length and the imprinted refractive index pattern. It is always possible to find a match
among these device—dependent quantities so that there exists a significant range of operational
parameters for which the field output from the PRC is suited for CS switching.

Finally, as shown in the following, the AND, OR and NOT operations are realized by only
changing the bias voltage V, in the scheme just described, and in this sense we say that they are
concomitant.

3.1. Logic operation: AND

To implement the AND gate, we set V,=—37.5 V. For this value of the applied potential the
field amplitude and phase at the PRC exit is such that a CS is created and persists (¢>>¢1) only if
ug 7 0 for both the two beams, thus reproducing the truth table of the AND operator. Only the
constructive interference of the two input beams that are deviated towards the PRC center by
the electroactivated waveguides is able to generate an injected field amplitude |E;| that locally
brings the system beyond the CSs separatrix. In Fig. 3 we plot the field amplitude |Epg| in the
PRC (bottom panel), the field amplitude |E;| injected into the VCSEL (black line in the upper
panel) for o <7 < 1, and the field amplitude in the VCSEL at steady state |Ey| (red line in
the upper panel). The two different initial conditions correspond to a (1, 1) input (left) and to a
(0,1) input (right). The (1,0) case is spatially symmetrical with respect to the (0, 1) case.
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Fig. 2. Numerically calculated refractive index dn(x,z) in the PRC for the opposite values
V.=37.5V (left) and V,=—37.5 V (right). For negative values of V, we expect that the
injected radiation propagates confined along the PRC center.
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Fig. 3. Logic AND for V,=—37.5 V. In the bottom panels it is shown the field amplitude
in the PRC (in the color scale the dark red corresponds to the maximum amplitude). The
black and red lines in the upper panel represent the injected field amplitude and the field
amplitude at steady state in the VCSEL respectively. A CS is switched on and persists in
Xou if and only if two input Gaussian beams are launched in X4 and Xp. As indicated by
the arrows, (left) and (right) refer to the input (1,1) and (0, 1) respectively.

3.2.  Logic operation: OR

The OR gate is implemented by choosing V,=—42 V as shown in Fig. 4. For this value of the
applied potential, the phase and amplitude profile of the field at the PRC exit associated with
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a single input Gaussian beam is sufficient to switch on a stable CS, thus reproducing the truth
table of the OR operator. As in the previous case, the two input beams sum up constructively
during propagation, but even a single input beam injected into the VCSEL becomes a local
perturbation capable to switch a CS on.
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Fig. 4. Logic OR operator for V,=—42 V. Field amplitude in the PRC and in the VCSEL.
The black and red lines in the upper panel represent the injected field amplitude and the
field amplitude at steady state in the VCSEL respectively. A CS is switched on and persists
in Xg,, if an input Gaussian beam is launched in X4 or in Xp. As indicated by the arrows,
(left) and (right) refer to the input (1,1) and (0, 1) respectively.

3.3.  Logic operation: NOT (and XOR)

The canonical set is completed by the unary NOT operator that we achieve by choosing V, =
—40V as shown in Fig. 5. The amplitude and phase landscape at the exit of the PRC is such that
in presence of an input beam, a stable CS forms in the VCSEL only in absence of the other input
beam, thus reproducing the truth table of the NOT operator. In this case the electroactivated
waveguides are such that the two input beams interfere destructively during propagation, while
a single beam is sufficient to switch a CS on as in the OR gate. To realize a NOT A (NOT B),
the value of the input B (A) is always set to *1’. We observe that if we use this scheme as a
binary operator, thus letting both inputs A and B to assume values *0’ or ’1’, the gate obtained
works as a XOR. The latter combined with the AND and the OR logic gates makes a FULL
ADDER, i.e. the digital circuit used to add two binary numbers in any computer [29].

4. Discussion. Logic gates performance

Our simulations assessed that the system performances are robust with respect to variations up
to few Volts in the applied potential V,. The AND gate appears to be most sensitive to the V,
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Fig. 5. Logic NOT A operator for V., = —40 V. Field amplitude in the PRC and in the
VCSEL. The black and red lines in the upper panel represent the injected field amplitude
and the field amplitude at steady state in the VCSEL respectively. A CS is switched on and
persists in Xp,, if an input Gaussian beam is launched in Xp, but not in X4. As indicated by
the arrows, (left) and (right) refer to the input (1,1) and (0, 1) respectively.

values and can be achieved within an interval of amplitude 0.3 V (for the input beams parame-
ters used in Figs. 3-5), which is anyway not critical for a properly stabilized electronic control.

The asymmetry in the waveguides shape that is evident in the figures is caused by non-local
terms in the modulus square of the space charge field |ESC|? that affects the refractive index
modulations dn and then the solitonic propagation (self-bending) [22, 30]. The nonlocality is
linked to the charge migration process in the photorefractive material [22] and have been ne-
glected in the derivation of local Kerr-like relation (8) by assuming a beam size much bigger
than the typical scale of the migration process (< 1 um) [30]. The waveguides asymmetry is not
critical for the operation of the logic gates that we propose since it induces a slight asymmetry
in the injected field phase and intensity at the PRC exit that makes the CS drift towards a final
position only few microns away from the central position at X = 0 um we chose as pick-up
location [13]. This will not cause any readout error if, as commented above, the pick-up area of
the readout system, is sufficiently broad.

Being the output of the operands a stationary CS which is a bistable local attractor of a
dissipative extended system [10], the logical "1’ and ’0’ of the output are intrinsically thresh-
olded results, independent of parameter fluctuations (up to a certain fluctuation strength as will
be clearer in what follows). This implies that the SNR is high: once the input beam (logical
operand levels) impinging onto the PRC are sufficient to switch the CS on in the VCSEL, the
logical state of the output will reach an intensity level independent of the pulse intensity and
the background noise level will always be considerably smaller than the absolute intensity of
the CS.
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Fig. 6. Eye diagram for a NOT A gate. We plot the electric field intensity in the VCSEL
averaged over an interval of ~20 um centered at X =0 um (|Ev,m|2) for 300 operation
cycles as described in the text. (a) Temporal variation of the electric field amplitude in the
VCSEL during a sequence of 10 operation cycles associated with 10 random values of the
input A. (b) Eye diagram for the NOT A logic gate in presence of noise with amplitude
o = 0.001 (black symbols) and o = 0.03 (gray symbols). The 0’ and ’1’ output levels
are also indicated. In the inset plot the values of the turn-on delay time (TON) and the
associated jitter (TOJ) are reported for different noise levels.

Moreover, the logic gates operation speed depends on the on- and off- switching times for
the CS, which are of the order of few nanoseconds or less [31], and the waveguide electro-
activation characteristic time that can be reduced down to ~10 ns [20]. This yields a perspective
bandwidth of ~100 MHz per logical operation in an area of ~1000 um? that corresponds to a
potential flux ~100 GigaOps/(sx mm?).

Finally, as a standard tool for a qualitative analysis of the digital system performances, we
constructed the eye diagram for the output data stream of the unitary operation NOT A under
injection of a bit stream for the input A (we remind that the input B is always equal to ’1’ in
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the NOT A operator). A similar analysis for a solitary semiconductor laser has been recently
reported in a case where the direct digital modulation was included in the pump current [32].
Here, a bit stream is generated randomly and then provided to the PRC/VCSEL system as a
sequence of pulses according to the definition of the INPUT channels in section 3. In order to
collect significant statistics, a total number of 300 operation cycles were produced and the time
traces of the field intensity at Xp,, were superimposed. We note that in order to account for CS
drifting towards its steady state location, we plotted the field intensity \Evjm\z in the VCSEL
mediated over an interval of 20 um centered at X = 0 pum. Each operation cycle consists in:
1) assign a value "1’ or 0’ to the input A by injecting a pulse or not into the PRC, 2) let the
VCSEL evolve towards the steady state exhibiting a CS or not and then let the output OUT
acquire a logical "1’ or ’0’ value respectively, 3) reset of the output OUT to the '0’ level. The
reset is obtained by reducing to zero the HB for less than a nanosecond.

In Fig. 6(a) we report for example the electric field amplitude in the VCSEL during a se-
quence of 10 operation cycles associated with 10 random values of the input A. We observe
that, apart from the intrinsic time scale associated with the waveguides electro-activation and
the formation of a CS in a VCSEL, the duration of each cycle is affected by the response time
of the readout system and the frequency of the shutter or of any other field amplitude modulator
used to reset the output. We arbitrarily consider here a total duration of a single cycle of ~15
ns.

As shown in Fig. 6(b), we investigated the influence of the fluctuations in the laser variables
Ey and N on the system performances by adding Langevin noise sources o f(x,#) and og(x,1)
into Eqgs.(5) and (6) respectively (refer for example to [32]). We assume that the Gaussian
noise functions f(x,) and g(x,t), with zero mean and & correlation in space and time describe
stochastic processes such as as spontaneous emission or pump noise, and field (e.g. HB) fluctu-
ations. To integrate the resulting stochastic differential equations, we used a standard numerical
scheme based on modified version of the Runge-Kutta algorithm as described in details for in-
stance in [33].

We note that, a spatially distributed noise term in the HB phase could also be added in order
to account for fluctuations in the phase of the input beams respect to the HB, and then may be
used to test how strict is the condition of perfect coherence between them. We considered in the
following values for sigma: 0.001,0.003,0.01,0.03,0.1 of o (that are almost equally spaced on
alog,, scale).

A figure of merit of our digital information processing system can be derived from inspection
of Fig. 6(b) where, for sake of clarity, we superimpose only the eye diagrams corresponding to
o0 =0.001 and ¢ = 0.03.

* The horizontal opening of the eye diagram, i.e. the interval where the output signal can be
sampled with ’fidelity’, i.e. where the the *1° or ’0’ levels can be correctly identified, has
a fixed duration starting after the extinction of the input beam at = #; and lasting up to
the start of the reset phase. Above the CS onset transient (less than ~ 1 ns) it is essentially
determined by the response time of the readout device (that we suppose of the order of
few nanoseconds) and, instead, not limited by the stochastic dynamics. The widest part of
the eye diagram, also called the ’sampling’ or ’decision’ time, occurs very soon after the
extinction of the input signals and the eye width remains about the same for a time that
can be in principle much longer than typical readout detector times. This almost fixed
amplitude eye diagram is different from those associated with digital systems based on
continuos signals, e.g. raised cosine pulses, where the eye opening strongly depend on
the shape of the waveforms used to send multiple bits, or equivalently by the transmission
bandwidth (see for e.g. Fig. 9 in [34]). A further estimation of the eye diagram quality,
and in particular of the eye aperture level, is represented by the signal Q-factor defined
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as [32]

L —1y

o1 +0p’

where I; and o, j = 0,1 represent the average intensity and standard deviation of the 0’
and ’1’ levels respectively. The calculated Qgigna is high, having a maximum value of
~ 200 for 0 = 0.001 and a minimum value of ~ 5 for 6 = 0.03, and this implies a low
probability of incorrect identification of either 1’ or *0’ (bit error rate).

Qsi gnal —

* The amount of distortion that affects the 1’ and the 0’ output levels, which is directly
linked to the SNR, increases with noise up to the ’closed’ eye condition reached for
o =0.1. The SNR is defined here as:

L
SNR; = —.
Gj
SNR| and SNR( have their maximum values of ~ 25 db for ¢ = 0.001 and their minimum
values of ~ 10 db for ¢ = 0.03.

* As reported in the inset of Fig. 6(b), by increasing the noise level we also observe a

decrease down to the intrinsic limit (i.e. the slow carriers dynamics) of ~ 2 ns in the
turn-on delay (TON) time, i.e. the time needed by the VCSEL to reach half of the
intensity difference I} — Iy. This is due to an increase of the average field modulus |Ej|
under addition of a noise process. Moreover even the maximum value of |E;| in each
point increases with ¢. These two combined effects lead the system closer to the CS
separatrix in a shorter time.
An increased turn-on delay jitter (TOJ), i.e. the standard deviation of the turn-on delay,
can be seen in the eye diagram by increasing the noise up to o = 0.03. It increases up to
a maximum value of ~4 ns for 0 = 0.01 and it decreases down to ~ 1 ns for o = 0.03
(see the inset of Fig. 6(b)). While the TOJ increment is associated with the increase in
the amplitude of the noise induced fluctuations in the injected beam modulus and phase,
a clear interpretation of the TOJ non monotonic dependence from o is still object of our
study. It might be ascribed to the fact that in absence of the addressing beams a noise
amplitude of e.g. o = 0.03 is sufficient to bring the system closer to the CS branch.
In presence of the Gaussian beams this would change the system trajectories towards
the CS branch respect to the cases with smaller ¢ and then strongly modify the turn-on
delay characteristics and the associated jitter.

5. Conclusions

In conclusion, we provide a proof-of-principle demonstration of a complete, all-optical and con-
comitant set of logical operators (AND,OR, NOT) with persistent output. It is realized by using
an hybrid conservative-dissipative device obtained by coupling a centrosymmetric photorefrac-
tive crystal with a downstream broad area VCSEL. The proposed set of logical operations is
based on the generation process of cavity solitons in the VCSEL trough photorefractive soliton
electroactivation in the PRC. The canonically complete set of logical gates exploits the same
input and output beams/locations/wavelength/intensities while the switching among the AND,
OR and NOT is obtained by only changing the bias voltage of the PRC. The fast semiconductor
response and electroactivation process, together with the intrinsic parallelism of structures lo-
calization in high Fresnel number devices both allow for a potential flux of ~100 GigaOps/(sx
mm?. Robustness against fluctuations in the input parameters is assured by the fixed intensity
and the dynamical stability of the output result (formation of a CS). This is also confirmed by
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the simulated eye diagram for the logical NOT that shows integrity against noise in terms of
low signal distortion, almost constant eye aperture and limited jitter in the CS turn-on delay
time.
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