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We present both the estimations of main parameters and the experimental data related to the modeling of algorithms and components for
all-optical digital processors-multipliers, exploiting the spatio-temporal optical solitons or light bullets as bit carriers. The modern approach,
based on the concept of arranging light beams in space and time using the regime of spatio-temporal solitons is examined from the viewpoint
of arresting the collapse of light bullets in a graded-index self-defocusing medium with normal group-velocity dispersion. To perform all-
optical computations, the beams of picosecond optical pulses, whose parameters were in one to one coincidence with previously estimated
light bullets, have been shaped and employed. Two all-optical algorithms for binary data multiplication in a mixed binary format as well

as the corresponding components are designed and experimentally tested with an array of non-collinear second-harmonic generation base
optical AND-gates arranged in a square-law optically nonlinear medium.

Keywords:Spatio-temporal soliton; light bullet; all-optical digital multiplication; non-collinear second harmonic generation.

En este aftulo se presentan tanto la estintatide los paametros principales como los datos experimentales en dalatimodelaje de
algoritmos y los componentes de un procesador-multiplicador digitalGéptoe, explotando los solitones temporabggicos o balas de luz

como portadores de informdxi. Esta moderna aproximaci se basa en el concepto de arreglar haces de luz en el espacio y tiempo, usando

el regimen de solitones espacio-temporal; estos son examinados desde el punto de vista de detener el desplome de las balas de luz en t
medio corindice-graduado de auto-desenfocamiento con digpensirmal de la velocidad de grupo. Para realizamputos toddptico, se

formaron y se emplearos haces de pulspticos de picosegundos de dufaticuyos pametros coincithn uno a uno con las balas de luz
previamente estimadas. Dos algoritmos para la multiplicatmdoéptica de datos binarios en un formato binario mezclado, como &mbi

los componentes correspondientes, han siddidides y probados experimentalmente con un arreglo de gehedeisegundo-arbmico

no-colineal basado en las compuertas-Abjdicas arregladas en un mediptico no lineal con ley cuadtica.

Descriptores:Solitones espacio-temporal; balas de luz, multiplica¢bdoéptica; generaéin de segundo arbmico no colineal.

PACS: 42.65.Pc; 42.65.Re; 42.65.Tg.

1. Introduction of such processors first of all, due to the natural stability of
light-bullet bit carriers in space and time. On the other hand,

There is great interest in exploiting all-optical devices foran all-optical digital processor-multiplier may be effectively
digital information processing with a high-bit-rate. Such de-implemented with an array of non-collinear second-harmonic
vices combine the ultrafast parallel processing capabilities ogeneration (SHG) based AND logic gates in a crystalline ma-
optical systems with the high accuracy of digital Computa_terial. Functional capabilities of such a multiplier are deter-
tions. The ultimate limit of the processing rate can be aninined by the architecture of the array processor. Here, we
ticipated from all-optical parallel architectures that are basedescribe two global algorithms and experimental proof-of-
on networks of all-optical logic gates using materials exhibit-Principle results related to the use of the corresponding com-
ing electronic nonlinearities with response times as low aponents for all-optical devices the provide the parallel-input
10~ second. On the one hand, such a high-bit-rate digita[nulti-bit digital multiplication, and we discuss other related
processing needs to invoke the modern Concepts based, foOblemS. With the UnderStanding that vector-matrix multi-
example, on the application of spatio-temporal optical soli-Plication is the primary operation, which can be used, for ex-
tons or light bullets [1,2] for designing the streams of natural@mple, to find the unequivalency function an for associative
bit carriers. Exploiting light bullets for the purposes of digi- S€archinamemory system, or can be applied in the basic pro-
tal data processing may give us, evidently, an opportunity t¢essor of a digital computing system, we consider the feasi-
avoid a few essential difficulties with arranging rather com-Dbilities of exploiting arrays of non-collinear second harmonic
plicated optical schemes and to improve the performance dag@eneration (SHG) based AND logic gates in bulk materi-
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als exhibiting a low-power square-law nonlinearity. For this
purpose two opportunities, digital multiplication via the ana- By 924
logue convolution algorithm (DMAC) and the outer-product 2 5
algorithm [3,4], are inspected theoretically, estimated practi- 20T
cally, and tested experimentally. These two cases need rather Physically, 5, = ng (wo) ko is the propagation con-
different post-processing arrangements for the conversion aftant, so that, (w) describes the chromatic dispersion in a
intermediate mixed-binary format results to a completely bi-medium;;, = (dg/dw),,_, = 1/v, , wherey, is the group
nary format. The schemes of components for an all-opticabelocity associated with a pulsé; = (d%/dwz)w:w is the
parallel-input processing, data of the experiments carried ougroup-velocity dispersion parameter with = ng (w)w/c

and estimates of potential performance data for the compaand ky = wy/c; the nonlinear parameter = kono is re-
nents considered and each of multipliers as a whole, repsponsible for the self-phase modulation due:to which is
resent the obtained results. To design an extremely highthe Kerr coefficient. The parametess and~, can be pos-
bit-rate all-optical element for post-processing, it is possiblétive or negative, depending on the nature of the nonlinear
to select a phenomenon that has a fast response time sugtedium. The presence of the above-mentioned effects may
as, for example, the non-resonant Kerr effect in silica fibergead to shaping optical wave packets that remain confined in
that has a femtosecond response time. However, the positl three spatial directions (a finite pulse width corresponds to
processing will not be discussed here. To model all-opticakh finite pulse length along the propagation direction). Such a
computations experimentally, the streams of picosecond ofzonfined wave packet is often referred to as a light bullet,
tical pulses, whose spatial and temporal widths are into oneand it represents an extension of self-trapped optical beams
to-one correspondence with previously estimated stable lighhto the temporal domain. To find self-preserving solutions
bullets, have been exploited although a graded-index mediumd Eq. (1), it is useful to rewrite it in a normalized form by
has not been yet used at this stage of our experiments. At firshtroducing

in Secs. 2 and 3, we describe the needed items related to the

existence of spatio-temporal solitons in optically nonlinear z=2/Lp, x=X/wy, y=Y /wo,

media from the viewpoint of arresting the collapse of light

bullets in a graded-index self-defocusing medium with nor- 7 = (' =F12) [ VLp|Be|, u=AV]y[Lp, (2)

mal group-velocity dispersion selected for our experimental /4. .
modeling at this time. In Sec. 4, the algorithms for aII-opticaIWherew0 - (%20 [na] Bo) / Is the transverse beam width
parallel-input multiplication are discussed. In the following andLp = fow is the diffraction length.  In terms of nor-

two sections, 5 and 6, processors based on digital muItipIicamal'Zed amplitude:, Eq.(1) can be written as

+v AP A=0 @

tion algorithms via an analogue convolution (DMAC) algo- Ou 1 /0%u O%u _ 92u
rithm and on an outer-product algorithm are considered, in- Y. + 5 <83:2 + o2 (signz) 87-2>
cluding the experimental data. Section 7 represents our con-

cluding remarks related to both theoretical and experimental + (sigmny) |u? v = 0. 3)

aspects of the work presented. ) ) o )
This equation exhibits the total equivalence among the

. ) ) spatial and temporal coordinates when dispersion is anoma-
2. Spatio-temporal solitons, stable light bullets oy in behavior 3, < 0). One can focus on the anomalous

. : : dispersion self-focusing case and exploit this symmetry in
Well-known temporal and spatial optical solitons are only " ". A :
. . solving Eqg. (3) with sigi, = —1 and sigmy, = +1 Such
special cases of a more general class of nonlinear phenomena .= =™ % : :
) . . a restriction is motivated by the fact that, up until now, the
in which the spatial and temporal effects are coupled and oc- ; . . :
. . stable light bullets have been found in a normal dispersion
cur simultaneously. When a pulsed optical beam propagates

through a bulk nonlinear medium, it is affected by diffrac- regime, and maybg even the normal grogp—\_/eloqty disper-
. i . . . sjon does not permit spatio-temporal localization in the form
tion and dispersion at the same time and place, and in parallél, . . . .

LY Of light bullets. Let us introduce a three-dimensional vector
these two effects become coupled through the medium’s nons = . )
. . : . . with components;, i, andr to write Eq. (3) in a compact
linearity. Such a space-time coupling leads to the existence ol
a group of nonlinear effects, including the formation of light Ou  1_, 9
bullets. The starting point for discussion of spatio-temporal ’32 + §VR u |ul”u =0, (4)
solitons is the(3 + 1)-dimensional nonlinear Schroedinger
equation, capable of accounting for the diffractive and disper:
sive effects occurring simultaneously within the cubic nonlin-

ear medium [5]. For the beginning, it is useful to write this

whereV% is the transversal Laplacian operator. The shape
preserving solutions to Eq. (4) can be found by looking for a
solution with the property

equation in the form u(x,y,7,2) =U (x,y,7)exp (ikoz) , (5)
2 2
i (aA + 51“) + 1 (M + M) wherek; is the propagation constant. Singgx, y, 7) does
o4 or 200 \OX*  9Y? not depend or, such a pulse would propagate without any
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change in its spatial or temporal shape, resulting in an optiHere, nevertheless, we shall exclude any higher-order effects
cal bullet. If one writes the Laplacian in Eq. (4) in spherical which are important already for optical pulses of a width be-
coordinates and focuses on the radially symmetric solutiondpw 1 ps, restrict ourselves by th@ + 1)-dimensional equa-

U (z,y,7) depends only ok = /22 + y2 + 72 and satis-  tion (3), valid for just a picosecond temporal range, and con-

fies an ordinary differential equation, sider the possibility of arresting spatio-temporal collapse us-
| T2U D1 dU ing an inhomogeneous Kerr medium, whose linear part of the
5 | 7@z + ( Jg )ﬁ — kU + U3 =0. (6) refractive index depends on the spatial coordinates.

This equation should be solved with boundary condition . h . | I f
U (R — o0). The parameteD takes values 1, 2, or 3 de- 3. Arrestlng the spatio-temporal collapse o
pending on the dimensionality of the vect& The one- light bullets
dimensional caséD = 1) corresponds to the purely spatial
or temporal solitons. The two-dimensional cage= 2) ap-
plies to the self-acting beams. The three-dimensional ca
gives short optical pulses, propagating inside a bulk nonlinear
medium, and is related to light bullets. An analytic solution
to Eq. (6) in the formU = sechR can be easily found for
D = 1, and corresponds to either a spatial solifdh= )
or a temporal solitodR = 7). For D > 1, one can solve
this equation only numerically. Of course, the lowest-order i=
solutions are of primary interest, because they reflect opti-
cal bullets. Figure 1 shows these solutions by plotting the
ratio U (R) /U (R = 0) versus the normalized radiug for
three cases [1]. The propagation constantis different in
each caseko (D = 1) = 0.500, ko (D = 2) = 0.206, and
ko (D = 3) = 0.053; the peak amplitudes are also different.
The stability of any shape-preserving solutions in anomalous
dispersion regime should be examined by performing a lin-
ear stability analysis. Such an analysis shows that the shape (!
preserving solution is stable only in an the case- 1. When 0 1 2 3 4 5
D > 1, small fluctuations in the intensity, beam size, or pulse Normalized radius

width can grow and lead to spatio-temporal collapse. Acon-FIGURE 1. Shapes of light bullets inherent in the + 1)-

sequence of this instability is that, if the pulse energy €X-dimensional nonlinear Schroedinger equation in anomalous group-

ceeds a critical VaIQUEOv the pulse collapses in such a way \e|ocity dispersion regime witht = 1 (solid line), D = 2 (dotted
that the intensityu|~ becomes infinitely large at a finite dis- jine), D = 3 (dashed line) [1].

tance as the size of a beam diminishes and shrinks to zero

both spatially and temporally. The results of numerical solu- =
tions to Eq. (6), illustrating the spatio-temporal collapse with 1‘:1 .
D = 3 and revealing an important role of the temporal chirp ~ x1{} !
in such a process, are presented in Fig. 2 [6]. The normalizad .
intensity | (z, R = 0)|” /U2 is plotted as a function of the
distancez for three values of the normalized initial tempo-
ral chirpC. An unchirped pulse witl’ = 0 collapses after

a distance: =~ 0.15, while the same pulse collapses sooner
with C = +5 and much later withC' = —5. Nevertheless,

it should be noted that such a conclusion is based on an idea_
consideration of the above model.

A few theoretical opportunities have been found for sup-
pressing the collapse via so-called collapse-arresting mecha 5
nisms such as self-steepening, saturable nonlinearity, or non<
linear absorption [7]. Moreover, potential perspective exists U e . .
undoubtedly from the practical point of view. Recent exper- 0 0.05 0.10 0.15
iments have shown [8,9] that the collapse does not occur in Distance
nonlinear Kerr-type media, because of the higher-order efgigure 2. Dynamics of collapsing the peak intensity for various
fects and that spatio-temporal solitons resembling light bul-chirped Gaussian pulses during their propagation through a Kerr
lets can be shaped in a certain range of the optical powemedium with anomalous group-velocity dispersion [6].

We take a graded-index nonlinear medium whose refractive
Sigdex can be written as

ield

=
rh

Normalized

[a—y

d Intensity

malize
=
th
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n(z,y,w) =ng (w) +ny1 (2* +y°) +no A%, ()

wheren; governs variations in the refractive index in the % = 2(signdz) C7 — %Wﬁlﬂ (signBs)
transverse dimensionsandy reflecting the regimes of guid- 5
ing (ny < 0) or anti-guiding(n; > 0), andng is the nonlin- _ _EWr (sighny) = G (Cr, Wr,Cs, Ws), (12)
ear Kerr coefficient responsible for self-focusipg > 0) or 2m3W3 7 Y 7
self defocusingn, < 0). Then Eq. (3) can be rewritten as dC 1 , EWr _ (signn,)
Ou 1 [0%u O%u . 0%u Az W — 205 - 127W3 (sigm2) + 2
52 T3 <ax2 + o (signsz) W)
= J(CT,WT,Cs,Ws). (13)

+ % (signny) (22 + y?) u + (signag) [ul* u = 0. (8)

Further insight can be gained by using the variational The stationary states corresponding to an optical bul-
method [10,11], because Eq. (8) can be cast as a variationtdt can be found by setting the-derivatives to zero.
problem for Lagrangian density There are two meaningful solutions, both chirp-free due to

. . 2 Cr=Cs=0[see Egs. (11)]. One of thefVs = 1, W = 0)
A=l (u Ou _u*au) +1 Ou Ou gives a CW beam. The other one corresponds to the spatio-
2\ 0z 9z) 2\ |0z dy temporal soliton, whose temporal and spatial widths can be
signgs 2 signuy signs | 4
5 |37 T2 5 lul". (9)
-

estimated from Eqs. (12) and (13); they are related by
Noting that the one-dimensional nonlinear Schroedinger aWr =
equation supports a chirped hyperbolic secant bright soli-
ton in temporal dimension, while a graded-index supports a
Gaussian spatial mode with a chirp, an appropriate trial func-
tion can be chosen in the form

EWr 2+ It can be seen from Eq. (14a) that the medium must have
u(@,y,2,7) =4[5 w2 P [_ 22 } sech(r Wr) signd, = —sigm, to form a stable solution.
) , 9 oy . o Now, to describe our experiments, we focus hereafter
x exp [ig +iCs (¢* +y°) +iCr7°], (10) only on self-defocusing media with normal group-velocity
whereE = [ lu|? dz dy dr is the constant pulse energy. The dispersion and guiding graded index. For such media, we
parameter$Vs, Wr, Cg, Cr, and¢ are allowed to be var- need to take sigm = signn, = —1 and sigip; = 1. In this
ied with the distance and represent the spatial and temporalcase, there exists a physically meaningful rgdt2 > 0) of
widths, spatial and temporal chirp, and phase associated wiffie polynomial equation (14b); in particular it can be esti-
a pulse, respectively. One can create the effective Lagrangianated byiVg ~ 1+ E?/ (48 7°) whenE < 2r, so thatWr
L= [ [ [ Adz dy dr and use the Euler-Lagrange equationscan be found from Eq. (14a) 8§ = E/ (47 W3). The
to obtain a set of evolution equations for these five pulse paprormalized energy i& = E,/Ey, where the energy scale is
rameters. The equation for the phaséurns out to be de- defined asty = \/[B2|w3/ (ko |n2| vLD).

coupled from the others and can be ignored. The remaining The stability of this light bullet can be examined by

2

ou

(2% +y?) [ul* -

E (sign)
C47W2 (signds)’

; E? (signdy)

equations are given by linearizing Eqgs.(11) - (13) in terms of small perturbations
awr . aWs around the steady-state solution. A linear stability analysis
3) dz 2(sign%,) CrWr . b) dz 20sWs, (11) of this type shows that the four eigenvaluesf a 4 x 4 -

| stability matrix are determined by

1/2
aJ oG a.J oG 17 aJ oG E2WA
=+ + — | —4 - L : 15
A {WS aws TV g \/[Ws awg TV 8WT} WsWr ows awr ~ 30w } (15)

The spatio-temporal soliton will be stableNfhas no positive real part. It can be seen from Eq. (15) thatll be purely
imaginary wheriVs ;%= + Wr 3% < 0. Using Egs. (12) - (14), one can find that
oJ oG 672 4dnWg W2
W, 14% = 2W3 ( — —L
Sows T oWy T <E2 3E 7r2>’

is indeed negative, and the considered spatio-temporal soliton becomes to be stable.

(16)
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multiplication can be considered, namely the DMAC and the

binary format. Schematic arrangements for the DMAC and
outer-product processors are presented in Figs. 3 and 4, re-
B esultin full spectively. These figures show that the DMAC algorithm re-
binary format quires a smaller numbelog, (N + 1) — 1, of adders and a
smaller numberlog, log, (N + 1), of summation steps, but
the need for analogue-to-digital conversion limits the applica-
tion of this algorithm. The outer-product algorithm requires
a greater numbery — 1, of parallel adders, achieving sum-
mation in a greater numbeug, N, of steps. However, in the
alternative case there is no analogue-to-digital conversion,
N-1 adders, which seems to be preferable for the creation of all-optical
The outer product log, N components because it preserves the binary format and so re-
processor steps of moves a dynamic range problem.
Summation The full adder is the key component in all-optical post-
processing of intermediate results. Such an adder may be
designed to use only the basic AND and EXCLUSIVE-OR
logic gates, so implementation of a multiplier is conditioned
by the feasibility of realizing high-speed all-optical logic
Result in full gates. It is well-known that performing, for example, NOR
binary format and NAND logic operations as well as creating AND and
NOT or NOT and OR logic gate pairs is sufficient for the
arrangement of any arithmetic device, in particular for binary
number multipliers. To achieve an extremely high speed of
S(g,t)eration and ease of fabrication, it seems to be more promis-

doped with CdS/Se-semiconductor nanoparticles [12 13]mg first to obtain results in an intermediate mixed-binary for-
To estimate the parameters of spatio-temporal soliton§at by a DMAC, or an outer-product processor, and then to

for such a medium we assume an operating wavelengtﬁonve" that signal to a completely binary format. The non-
near 1 um where 3, ~ 50 ps/km is positive, while resonant Kerr effect is an ultrafast phenomenon that permits

o Z15 .
ns ~ —10~16 m2/W is negative. The negative waveguiding switching times as low ak)~ "> second, and makes possible

parameten; sets the beam-size scalg and can be varied an extremely high rate of logic operations in comparison with
digital electronic signals. An application of ultrafast response

requires an abnormally high intensity of light beams and the
eproblem of heat removal becomes more complicated for the
high density of information in the data flow. For this reason,

respectively. The formation of a stable light bullet in this e OPtical Kerr effect proves to be acceptable for computing

Kerr medium is guaranteed by the inhomogeneous nature (Wst Of, all in low-loss op_t|c§I fiber, becausg the heat POWer,
the nonlinear medium. Erom now on, we will use these es9Ven its small value, dissipates lengthwise along the opti-

timates, bearing in mind the experimental modeling of Var_cal fiber and does not lead to any difficulties even for the

ious all-optical computations in the spatio-temporal solitontP s_peed _Of operation. However, the wegk Kerr nonlinearity
regime. manifests itself only in a long length of fiber, so the output

signal has a market time delay relative to the input signal.
4. Algorithms for all-optical parallel-input This time delay, nevertheless, should not be regarded as a

digital multiplication considerable demerit for optical fiber components, because

the data flow arrangement is such that performing each of the
Vector-matrix multiplication is the primary operation which following operations does not depend on the results of all the
is exploited, for example, in finding the unequivalency func-previous processing operations.
tion for an associative search in a memory system or which
is applied in the central processor of a digital computer. All-5_ A|l-optical processing based on the DMAC-
optical components for multiplication can be implemented by al :
. . : ) : gorithm

using various nonlinear phenomena via non-collinear SHG
in square-law nonlinear crystalline material [14]. DependingAt first, shaping the DMAC signal via a non-collinear SHG-
on the algorithm, two architectures for parallel-input digital phenomenon in square-law optically nonlinear crystalline

o | — outer-product processors. These two cases need rather dif-
Not more than  — log (N + 1)-1 . i
The DMAC | ] logaA-biteach |—] adders, ferent post-processing arrangements for analogue-to-digital
PROCESSOR | 2N-3 ]  log;log;(N + 1) conversion of intermediate mixed-binary format results to a
A-D converts [ steps of summation

N/

FIGURE 3. Parallel-input N-bit digital multiplication based on the
DMAC algorithm.

i

N\V/4

FIGURE 4. Parallel-input N-bit digital multiplication based on the
outer-product algorithm.

As an example, one can consider a graded-index gla

over a wide range. Let us takey = 1 mm andny = 1.45,
so thatfy ~ 9 pm~! andLp ~ 0.9 m. The energy scale
Eq will be 400 pJ, and the spatial and temporal widths of th
optical bullet are thus arounly ~ 1 mm andTs = 8.5 ps,

Rev. Mex. 5. 53 (2) (2007) 96-104
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material is presented. The diagram of a non-collinear SHG- Intensities of light beams have magnitudes equal to O or 1
phenomenon may be considered an all-optical AND logidn both these channels. There a¥é areas of non-collinear
gate. Such a gate has a femtosecond time response and da&graction in a crystal when initial light beams pass through a
not need an optical pump beam, so that a widely branchedrystal under a phase-matching condition. Similar areas play
network of coupled gates with repeated use of initial lightthe parts of partial multipliers or AND logic gate networks,
beams may be implemented, because only a small part afhich are integrated into a single crystal. By providing an
the input signal energy is converted into the SHG output sigequidistant arrangement of the input optical channels, the in-
nals. In fact, each of the partial interactions corresponds to atensities of the second-harmonic light beams are summed up
undistributed field approximation. The light beam arrange-along diagonal lines, s@N + 1) parallel output channels
ment for the DMAC-algorithm signal shaping is shown in prove to be shaped in the output plane. That is to say, the sig-
Fig. 5. nals leaving the network arrangement are exactly the partial
Binary numbers are encoded by a totaldparallel opti- DMAC-signals:

cal channels, one channel for each of Mits that comprise —!
the following numbers: ¢ = Zajbi—j.,
N-1 N-1 §=0
A= Z a;2" and B= Zbi?i‘ and consequently,
i=0 i=0 ON—9
C=AB= ) c2. (17)

i=0

In view of simultaneous arrival of optical pulses at each
of the interaction areas, the initial optical beam fronts need
to be sloped as shown in Fig.5a. Both the intensity depletion
of the initial signals as a result of repeated interaction in the
convolution network and the diffraction of the optical beams
have an effect on the number of bits, N, that can be handled
in the processing of binary numbers. It may be shown that,
on the one hand, for the processing of 32-bit numbers, the
efficiency of the individual partial interactions ought to be
no greater than% and, on the other hand side, the maximal
value of bitsNV,,,... is limited by diffraction to

naD sin2W
Nmax = ) 18
(W (18)

where )\ is the wavelength of the initial light beams, is

the average refractive index for a crystal, aids the geo-
metric size, which is shown in Fig. 5a. In the spatio-temporal
soliton regime, this restriction can be omitted and the value
N = 32 bits may be taken. The speed of operation is usu-
ally described by the tim&’ for one operation performing as
well as by the productivitys, i.e. the maximal number of bit

11 3111 = 12321 1001 1001 = 1002001 operations in unit time:

2naD N2
= —— y S: s
csin2\Il+T AT + 1

(19)

wherec is the velocity of light,r is the bit pulse width, and
AT is the spreading time. The productivifyis defined by
the maximum attainable frequency of data input into the op-
erations, which is limited in its turn by the following factors:

11':'1 :‘:."1'11 = 122211 11':'1 :{1':'11 . 111 3111 a) the Ume response Ofthe |ogic gates;
b. b) the bit pulse width;
FIGURE 5. (a) Configuration of AND logic gates totally perform- c¢) the path time of one bit multiplication area; and
ing DMAC,; (b) Experimental results: all-optical shaping of the

d) non-simultaneous responses of the logic gates in a con-

DMAC-signals. volution network.

Rev. Mex. 5. 53 (2) (2007) 96-104



102 A.S. SHCHERBAKOV AND A. AGUIRRE LOPEZ

axis, sol = 20° and D = 8 mm. Experimental simula-
tion of the input optical signals wittv = 4 for each of the
binary numbers was made by symmetrical diaphragm masks
(d = 1.6 mm, d; = 0.8 mm). The light source generated

7 ps width pulses ahy = 1060 nm. These parameters of
the optical pulse stream have been selected as rather close to
the parameters of light bullets discussed in section 3 to pro-
vide experimental modeling of exploiting the spatio-temporal
optical solitons in all-optical computations. Optical signals
of the second-harmonic beams were detected by means of
a multiple-point photodetector, so the DMAC signals have
been displayed, see Fig. 5b. The tiffito perform one opera-
tion was equal to 130 ps, which correspondedf = 17 ps
andS = 6 x 10! bit/s. The vector inner-product signal in
mixed-binary format is presented in Fig. 6b. This is the case
for the multiplication of two-component vecto(s/ = 2)

with three-bit component§N = 3). The same masks were
again exploitedD = 5 mm. The values oAT = 10 ps and

S =1 x 10*2 bit/s have been achieved.

Optical parallel analogue-to-digital conversion can be
simplified by designing the logic network with a different
spatial period of the input channels for both binary numbers.
Figure 7 illustrates the process where the number of opti-
_ cal pulses of equal amplitudes in each position quantifies the

O 1T (101.110) = 22411 magnitudes of binary convolution partial products. There-

b. fore, in post-processing, the analogue-to-digital converters

FIGURE 6. (a) The DMAC-signal shaping in the case of the inner MUSt be repl_aced with I_3U|Se counters in all the mixed-bina_ry

product of vectors: (a) a schematic of 2-component 3-bit vectors;format positions. In this spatially irregular case, the maxi-

(b) experimental resultl01,111) x (101,110) = 22411. mum number of multiplicand bits has an order of magnitude

equal to the square root ¥, given above by Eq. (1) or

The last factor gives the main limitation, which is why the it can be 32 bits in the spatio-temporal soliton regime, if the

greatest spreading tim&7" has a signal on the central diag- efficiency of an individual interaction is abow% or even

onal line due to the response non-simultaneity less. Other masks for the bitgl(= 0.5 mm, d2 = 3.0 mm,
D n d3 = 2.0 mm, N = 3) were exploited in the next exper-
AT = ———— ( 0_ _ n%“) , (20) iment (see Fig. 7a). The corresponding oscilloscope traces
¢ sin2W \ cos ¥ are shown in Fig. 7b.

whereng andn?“ are the refractive indexes for the input On the whole, spatially irregular analogue-to-digital con-

beams and the SHG-beams, respectively. For example, aersion can be successfully applied to mixed-binary format

Ao = 1060 nm, with7 = 1 ps andN = 32, one can ob- processing only if the number of multiplicand bits is not very

tain AT = 16 ps andS = 6 x 103 bit/s in a LiJQ single  large. The response non-simultaneity = AT N—! of sig-

crystal. nal arrivals from neighboring logic gates placed on the same
A three-dimensional network of logic gates, formed by diagonal line may be used for mixed-binary format analogue-

M planes of interaction as that depicted in Fig. 5a, permitgo-digital signal conversion as well. For the case< At,

digital inner vector multiplication in mixed-binary format for the time resolution of pulses, which are shaping a mixed-

M-component vectors witV-bit components using an out- binary format signal, proves to be attainable. The condition

put cylindrical lens (see Fig. 6a). The number of vec- 7 < At = 3.5 ps was achieved in the experiment described

tor components which can be accommodated within a givembove withd = 1.6 mm.

crystal thicknesd{ is determined by Eq. (18). For instance,

it is possible to havé/ = 32 whenH = 8 mm in a LiJQ

single crystal even in the regime free of spatio-temporal soli6.  All-optical processing based on the outer-

tons. The inner-product processor productivity is equal to product algorithm

S =M N*AT + 1)~ ';soforM = N = 32 andr = 1 ps,

one can geN\T = 16 ps andS = 2 x 10'° bit/s. Digital information processing includes the outer-product op-
In the experiments, a LiJOplate has been used with di- eration, so several algorithms of linear algebra can be based

mensions27 x 27 x 8 mm cleaved in the (100) crystallo- on this operation. The outer-product multiplication of two

graphic plane with the input facet orthogonal to the [010] N-dimensional vectorgl and B is given by
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c; 1 2 2 2 1 ciple of such a matrix processor arrangement is presented in
| | I | I | Fig. 8.

i My Light beams, corresponding to binary numbers bits, are
collimated in a vertical or horizontal plane and are then they
are directed at the input facet of a nonlinear crystal for SHG

under the phase matching condition. The interaction of non-

L\l collinear optical beams takes place in a crystal where the full
totality of partial products is carried out. In fact, the matrix
of the SHG signals is the outer product of the initial vectors
with one-bit components. The nonlinear crystal plate thick-
ness must be optimal so that all interaction areas of the first
row are placed inside the plate, with no following interac-
o tions taking place. The optimal thickness of the LjJDys-
s tal cleaved in the (100)-plane as3a x 30 mm sized plate
b"'- was equal to 1.2 mm for the partial product generation of 32-
bit binary numbers. The number of bits is connected solely
with the quality and geometric size of the plate and with the
capabilities of shaping the input optical signals. Productiv-
ity S of such a processor is determined by a minimal period
T of operating on digital data, which is conditioned in its
turn by a time response of partial logic gates. One can ob-
tain S = N2T~!, soforN = 32, andT = 1 ps we get
S =1 x 10'® bit/s.

The parallel-input outer-product processor based on the
SHG-gate network was built experimentally with the input
light beams collimated in orthogonal directions, encoded

T 111 = (0D 301 with binary data, and a plate of LidGingle crystal placed
1 32 32 perpendicularly to the plane of interaction. An arraytof 4
b binary products was generated in such a network using four-

o _ channel masks and 7 ps optical pulses\at= 1060 nm,
FIGURE 7. Spatially irregular case of an AND logic gates network: hejng close to the parameters of light bullets estimated in
(@) schematic arrangement; (b) experimental result of multiplica-ga "3 After using a cylindrical lens to sum the SHG-signals
tion: 111> 111 = 12321, over diagonal lines of the matrix, a seven-bit product in
mixed-binary format was obtained. Experimental results of

binary number multiplication by such a processor are shown
o in Fig. 9.
™ The absence of limitations connected with light
intensity exhaustion, diffraction of beams, and response non-
]
5B 1 1111
1 v= T ]
1 (H419) 1111
1 I I
JB
=B JB
FIGURE 8. A scheme of the outer-product processor; SB are the |1 1.9 10
senior bits of a number, JB are the junior bits. j] (1101)= 1 1 g 1
1 1101
al b1 e ay bN
C =ABT = . (21) _
(le1 aNbN 1 1101
. . o . 0 (1981)= goon
whereC is an N x N matrix containing only one linearly 1 1101
independent line or column. In the case of processing binary} 1 1101

data, the outer-product operation is reduced to a shaping ot 1113111

the partial product matrix, which consists &% optical sig-  FicURE 9. Results of multiplication using an all-optical outer-
nals having intensity magnitudes equalltor 1. The prin-  product processor.
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simultaneity is an advantage of the outer-product multipliemit operation by vectors, in contrast to the DMAC multiplier.
as compared to the DMAC-processor. At the same timeln any event, an all-optical full adder is the key component
the outer-product multiplier contains additional optics and isof post-processing in such devices, so the problem of imple-
not capable of operating with vectors having multibit com-menting logic gates becomes significant. For this purpose, for
ponents because of a three-dimensional schematic arrangestance, optical fiber ultrafast logic devices based on Kerr
ment. On the whole, the outer-product multiplier seems to b&onlinearity in Sagnac-effect interferometric configurations
the most promising, because it needs in addition to the macan be applied.

trix processor only two homogeneous components, namely, These feasibilities for applications to an all-optical dig-
EXCLUSIVE OR and AND logic gates. This property of the jtal processing can be really improved due to operation in
outer-product processor (see Fig.4) can turn out to be decthe regime of spatio-temporal solitons representing optical
sive since at present it is still not known how to produce arbullets. In this case, the negative influence of light diffrac-
extremely high-bit-rate all-optical analogue-to-digital con-tion will be compensated by the corresponding index-graded
verter. contribution, while the width of bit pulses will be stabilized
because of the balance between dispersion and nonlinearity.
Recent experiments have shown that the possibility of shap-
ing the light bullets in a certain range of the optical power is
In view of parallel-input multiplication, both the DMAC and hardly practical. From the viewpoint of further applications,
the outer-product algorithm could be exploited for primaryoptical bullets will be able to play the role of natural ultra-
binary data processing. The schemes, which use optical SH&hort bit carriers, well localized in space and time, whose
techniques for performing binary multiplication, have beenparameters are matched by the properties of the materials ex-
considered and proof-of-principle experiments have been caploited. Such a statement of the problem for designing the
ried out. Estimations have shown that, through pipelining ofprocessor architecture permits potentially optimizing of both
data in an optical network produced in nonlinear crystals, théhe schematic arrangement and the functional components of
processing of 32-bit numbers is possible for a bit rate of upan all-optical high-bit-rate processor-multiplier.

to 10*° bit/s and an optical energy consumption for each in-

dividual logic AND operation down to a value v6—2 J/bit.

The DMAC-algorithm based device needs an analogue-tobAcknowledgments

digital converter or pulse counter in the irregular arrangement

case. The outer product multiplier is free of some of the flawsThis work was financially supported by the CONACyT
enumerated above, but its three-dimensional set does not pgRroject # U 41998-F).
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