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Description

[0001] The present invention relates to a device for
performing a parametric process comprising a photonic
crystal periodic structure.

[0002] The present invention relates, moreover, to an
optical communication line and an opticalcommunication
system comprising such device.

[0003] A parametric process is atypical process of ma-
terials having a non-linearity of the x, or x5 type according
to which electromagnetic radiations at predetermined fre-
quencies that propagate in such materials interact with
each other for generating electromagnetic radiations at
different frequencies from those that have generated
them (Amnon Yariv, "Optical Electronics”, Third Edition,
1985, HOLT, REINEHART and WINSTON, pages
227-236).

[0004] Forexample, a parametric process is a process
according to which a pump radiation at frequency o0y that
propagates in a non-linear material, interacting with a
signal radiation at frequency g, generates a radiation at
frequency wg.

[0005] Typical parametric processes are a difference
frequency generation process, according to which 0y =
oy, - 0%, @ sum frequency generation process, according
to which ey = o, + o, a second or third harmonic gen-
eration process, according to which oy=2m,, or, respec-
tively, wy =3w, and the known Four Wave Mixing (FWM)
process.

[0006] Fora parametric process to be efficient, a con-
dition known as phase matching must be met.

[0007] However, the phase matching condition is dif-
ficult to obtain in materials having non-linearity of the %,
or x5 type since such materials are typically dispersive,
that is, they have a refractive index variable with the fre-
quency o.

[0008] Methodsforachievingthe phase matchingcon-
dition have already been proposed.

[0009] S.J.B. Yoo et al. ("Wavelength conversion by
difference frequency generation in AlGaAs waveguides
with periodic domain inversion achieved by wafer bond-
ing", Appl. Phys. Letters, Vol. 68, No. 19, May 1996, pag-
es 2609-2611), M.H.Chou et al. ("1.5-pm-band wave-
length conversion based on difference-frequency gener-
ation in LiINbO3 waveguides with integrated coupling
structures ", Optics Letters, Vol. 23, No. 13, July 1998,
pages 1004-1006) e M.H.Chou et al. ("Multiple-channel
wavelength conversion by use of engineered quasi-
phase-matching structures in LiINbO3 waveguides", Op-
tics Letters, Vol. 24, No. 16, August 1999, pages
1157-1159) describe the use of methods known under
the name of "periodic domain inversion " or "poling" that
essentially consist in periodically inverting the sign of the
non-linearity of a non-linear material (for example,
LiNbOgand AlGaAs) so asto obtain a parametric process
of difference frequency generation in condition of quasi-
phase-matching.

[0010] Recently, moreover, the use of one-dimension-
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al photonic crystal periodic structures (also called phot-
onic band-gap structures) has been proposed for carry-
ing out a second harmonic generation parametric proc-
ess in phase matching conditions.

[0011] A one-dimensional photonic crystal structure
typically consists of a periodical alternance of two layers
of material having different refractive index. The multiple
reflections at the interfaces between the two layers at
different refractive index generate constructive and de-
structive interferences between the transmitted light and
the reflected light, and make the photonic crystal struc-
ture allow the propagation of electromagnetic waves in
some intervals of frequencies (orwavelengths) andforbid
it in other intervals.

[0012] In the present description and claims, the ex-
pression

- "photonic band gap " or "band gap" is used for indi-
cating an range of frequencies (or wavelengths) that
are not transmitted by the photonic crystal structure;

- "ransmission band" is used for indicating an range
of frequencies (or wavelengths) that are transmitted
by the photonic crystal structure;

- "bandgap ortransmission band of n-th order" is used
for indicating the nth band gap or the nth transmis-
sion band as the frequencies increase;

- "bandedge"is usedforindicatingthe edge of atrans-
mission band;

- "nth order low frequency band edge" is used for in-
dicatingthe edge atthe lowest frequency of the trans-
mission band of nth order;

- "nth order high frequency band edge" is used for
indicating the edge with the highest frequency of the
transmission band of nth order.

[0013] M. Scalora et al. ("Pulsed second-harmonic
generation in non linear, one dimensional, periodic struc-
tures”, Physical Review, Vol. 56, No. 4, October 1997,
pages 3166-3174) present a numerical study of second
harmonic generation (SH) in a one-dimensional photonic
crystal material, doped with a non-linear means y,, con-
sisting of 40 dielectric layers (20 periods in all) wherein
the refractive index of the layers alternates between
n,=1,42857 and ny=1. Moreover, for a reference wave-
length Ay, the layers with the two refractive indices n,
and n, have a thickness a= A4/4n; and b= 1y/2n,, re-
spectively. This choice of parameters allows achieving a
mixed half-quarter-wave stack for for wavelength A, and
makes the structure have a band gap of the second order
removed from the band gap of the first order by approx-
imately a factor 2. This allows realising a second har-
monic generation parametric process in which the fre-
quency wy of the pump radiation is at the low frequency



3 EP 1 255 158 B1 4

band edge of the first order and the frequency 0y =20
of the generated radiation is close to the low frequency
band edge of the second order. The Authors state that
the positioning of the frequencies of the pump radiation
and of the generated second harmonic one in the prox-
imity of a band edge allows obtaining a more efficient
process since near a band edge a strong overlap be-
tween the propagation modes of the pump and of the
generated radiation and a co-propagation of the modes
occur and the interaction times are larger ("enhance-
ment" phenomenon).

[0014] WO 99/52015 describes a second harmonic
generator based on a periodic photonic crystal structure.
The described structure comprises a plurality of layers
of afirstand a second material that periodically alternate,
and has a band edge at the pump radiation frequency
and a second transmission resonance near the band
edge of the second order band gap atthe generated sec-
ond harmonic frequency.

[0015] M. Centinietal. ("Dispersive properties of finite,
one dimensional photonic band gap structures: applica-
tions to non linear quadratic interactions”, Physical Re-
view E, Vol. 60, No. 4, October 1999, pages. 4891-4898)
discuss the linear dispersive properties of one-dimen-
sional photonic crystal structures consisting of the peri-
odical alternance of two layers with different refractive
index and the conditions necessary for optimal second
harmonic generation process.

[0016] M. Centini et al. ("Efficient non linear infrared
parametric generation in one-dimensional photonic band
gap structures”, Optics Communications, Vol. 189,
March 2001, pages 135-142) analyze three-wave mixing
process in phase-matching condition in a one-dimen-
sional photonic band gap structure consisting of alternat-
ing layers of high and low index materials.

[0017] The low index material may be air. This docu-
ment discloses all the features of the preamble of claim
1 in combination.

[0018] US 5682401 discloses a resonant microcavity
including a petriodic dielectric waveguide and a local de-
fect in the periodic dielectric waveguide. According to an
embodiment, the microcavity is fabricated by creating a
periodic array of holes in to the top surface of a rib
waveguide. According to another embodiment, the mi-
crocavity includes an array of long dielectric rods fabri-
cated on a substrate which behaves like a one-dimen-
sional periodic waveguide.

[0019] US 6 002 522 discloses a functional optical el-
ement having a structure in which two materials having
different refractive indices are periodically arranged to
form a photonic band. In an example as optical delay
device, the element comprises a structure in which 0.25
pm thick resist portions and 0.25 pm thick air portions
are arranged at a period d=0.5um.

[0020] Cedric F. Lam etal. ("Atunable wavelength de-
multiplexer using logarithmic filter chains", Journal of
Lightwave technology, Vol. 16, No. 9, September 1998,
pages 1657-1662) disclose a filter made in a one-dimen-
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sional photonic crystal structure wherein layers of dielec-
tric material having refractive index n2 alternate with
Bragg mirrors consisting of layers of quarter-wave die-
lectric materials. In order to smooth out the passband of
the filter, the Authors teaches to apodize the mirrors so
that the reflectivity gradually decreases from the center
mirror toward the two end mirrors. They show a possible
physical implementation of the apodizedfilter on a ridged
waveguide made out of common semiconductor materi-
als. They state that low index of refraction dielectric could
be formed, for example, by etching grooves on the ridged
waveguide.

[0021] The Applicant notes that one-dimensional pho-
tonic crystal structures consisting of the periodical alter-
nance of two layers with different refractive index de-
sctibed by the above documents for realising a second
harmonic generation process are not suitable for realis-
ing more complex paramettic processes (such as, for
example, the difference frequency generation process)
in phase matching condition.

[0022] US 5 426 717 discloses a segmented article
including alternating sections of optical materials which
are aligned and have refractive indexes different from
adiacent sections to form at least one superperiod con-
sisting of a plurality of segments such that each segment
consists of a section of a first optical material and a sec-
tion of a second optical material. At least one segment
of the superperiod is different in optical path from another
segment of the superperiod.

[0023] The Applicant has thus faced the technical
problem of providing a device comprising a photonic crys-
tal structure capable of performing a difference frequency
generation parametric process in phase matching con-
ditions.

[0024] In general, the Applicant faced the technical
problem of providing a device comprising a photonic crys-
tal structure that allows performing a parametric process
according to which a pump radiation atfrequency w, gen-
erates a radiation at frequency oy by interacting with at
least one signal radiation at frequency o, (with w, equal
to or different from, wp) in phase matching conditions.
[0025] More in general the Applicant faced the techni-
cal problem of providing a photonic crystal periodic struc-
ture which is suitable to be adapted to perform the above
mentioned parametric process.

[0026] Inafirstaspectthereof, thus, the presentinven-
tion relates to a periodic one-dimensional photonic crys-
tal structure comprising a plurality of unitary cells that
follow one another along a predetermined direction, each
unitary cell comprising

* afirst layer having a first refractive index n1 and a
first length L1,

* a second layer having a second refractive index
n2, with n1 differentfrom n2, and a second length L2,

- athird layer having a third refractive index n3,
with n3 different from n2, and a third length L3
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andafourth layerhavingafourth refractive index
n4, with n4 different from n1 and from n3, and a
fourth length L4, the periodical alternance of the
first, second, third and fourth layer forming said
periodic photonic crystal structure;

- wherein atleast one amongthefirst, the second,
the third and the fourth layers has a non-linearity
of the %, or xg type;the first, second, third and
fourth layer are side by side to one anotherin a
planar element; the first and the third layer con-
sist of the same material and the second and
the fourth layer consist of a gaseous element;

- wherein at least one of the following conditions
is met:

a) L1 is different from L3; or
b) L2 is different from L4.

[0027] The Applicant has verified that the periodic pho-
tonic crystal structure according to the invention, made
of the periodical alternance of four layers, having refrac-
tive index n1, n2, n3 and n4 and lengths L1, L2, L3 and
L4 and of which at least one has a non-linearity of the x,
or xg type, advantageously has the necessary flexibility
to be engineered for realising in phase matching condi-
tions, a parametric process wherein a pump radiation at
frequency o, generates a radiation at frequency wy in-
teracting with at least one signal radiation at frequency
.

[0028] As regards the structural and functional fea-
tures of the periodic structure, of the unitary cells, and of
the first, second, third and fourth layer, reference shall
be made to what described below for the device accord-
ing to a second aspect of the invention.

[0029] In a second aspect thereof, the present inven-
tion relates to a device for performing a parametric proc-
ess according to claim 17.

[0030] In the present description and claims, n1, n2,
n3, n4 indicate the values of the refractive indices of the
first, second,- third and respectively, fourth layer at the
wavelengths (or frequencies) of interest (that is, at the
wavelengths of the radiations involved in the parametric
process).

[0031] The device of the invention having a periodic
photonic crystal structure made of the periodical altern-
ance of four layers, having refractive indices n1, n2, n3
and n4 and lengths L1, L2, L3 and L4 and of which at
least one has a linearity of the y, or x5 type, advanta-
geously allows performing in phase matching conditions
a difference frequency generation process and, in gen-
eral, a parametric process in which a pump radiation at
frequency ey, generates a radiation at frequency wy in-
teracting with at least one signal radiation at frequency
g,

[0032] Forexample, n1, n2, n3, n4, L1, L2, L3, L4 can
be selected so as to carry out a difference frequency
generation process according to which oy = @, - o5, @
sum frequency generation process according to which
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0y =0+ 0, 2 second orthird harmonic generation proc-
ess according to which @y =2, or, respectively, v, =3,
or a Four Wave Mixing (FWM) process.

[0033] Infact, the Applicant has verified that the device
having the above features has the necessary flexibility
to carry out different types of parametric processes in
phase matching conditions.

[0034] Moreover, the Applicant notes that the device
of the invention having the above substantially periodic
photonic crystal structure made of the alternance of four
layers has the necessary flexibility to carry out a para-
metric process in phase matching conditions and accord-
ing to the application required for the device.

[0035] Thisisanadvantageous aspect ofthe invention
since the phase matching condition of each type of par-
ametric process requires, as it will be illustrated in detail
hereinafter, a substantially periodic structure having a
predetermined transmission spectrum with precise fea-
tures according to the type of application.

[0036] Further features and advantages of the device
of the invention are indicated in the dependent claims.
[0037] The above substantially periodic structure is of
the one-dimensional photonic crystal type.

[0038] Inthe presentinvention and claims, the expres-
sion

- "substantially periodic structure” is used to indicate
a structure that can comprise a plurality of substan-
tially equal cells, or equal except for an apodisation;

- "apodisation” is used to indicate a modulation, hav-
ing 2 much higher period than the length of a cell, of
one of the characteristic parameters of the layers of
the cell, such as for example, the refractive index
and the length;

- "substantially equal cells" is used to indicate cells
wherein corresponding layers are equal to one an-
other (for example, in terms of refractive index n1-
n4 and lengths L1-L4) except for production toler-
ances.

[0039] Forexample,the level of precision currently ob-
tainable for the production of the layers of the cells is of
about 10 nm.

[0040] Moreover, production tolerances are preferably
such as not to appreciably affect the transmission spec-
trum of the photonic crystal structure.

[0041] Inavariant, unitary cells are substantially equal.
[0042] In another variant, corresponding layers of the
plurality of unitary cells differ from one another for exam-
ple according to a modulation, having a much higher pe-
riod than the length of the cells, of one of the parameters
of the layers such as, for example, the refractive index
and/or the length (apodisation).

[0043] This lastvariant is advantageous since it allows
making the peaks of the transmission spectrum of the
substantially periodic photonic crystal structure less deep
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(that is, it it allows to partially flatten the transmission
spectrum thereof and to smooth the oscillations thereof),
thus improving the tolerances of positioning of frequen-
cies w,, ws and oy at such transmission peaks.

[0044] Apodisation can, for example, be of the Gaus-
sian or raised cosine type.

[0045] Advantageously the first, the second, the third
and the fourth layer are made of transparent materials
at the working wavelengths (or frequencies) of the de-
vice.

[0046] For example, the working wavelengths are se-
lected within the interval comprised between 0.1 pm and
3.5 um. According to a variant, they are selected within
the interval comprised between 0.5 pm and 3 pm. Ac-
cording to another variant, they are selected within the
interval comprised between 0.5 pm and 2 pm.

[0047] Moreover, the second and the fourth layer typ-
ically consist of the same material; that is, the second
refractive index n2 is substantially equal to the fourth re-
fractive index n4.

[0048] Advantageously, the difference betweenthe re-
fractive indices n1, n3 and n2, n4 is relatively high. Pref-
erably, it is equal to at least 0.2; more preferably, to at
least 0.4.

[0049] Infact, it has been verified that a relatively high
difference between the refractive indices between adja-
cent layers allows increasing the enhancement phenom-
enon according to which the efficiency of a parametric
process in a photonic crystal structure increases when
the pump and/or signal radiation are at a band edge.
[0050] In a variant, the first, the second, the third and
the fourth layer of the unitary cells are stacked on one
another in a multilayer stack.

[0051] For example, the various layers are obtained
on one another for epitaxial growth.

[0052] An advantageous embodiment of the invention
consists of realising a substantially periodic structure by
simply performing cuts having predetermined depth and
length (L2 and L4) and suitably spaced from one another
(by L1 and L3) in a planar element consisting of a single
structure having refractive index n1 and non-linearity of
the x, or x5 type.

[0053] Moreover, it has been verified that a substan-
tially periodic structure with four (or more) layers allows
performing cuts of moderate lengths (L2 and L4) (in the
range of one or some hundreds nm) that are easy to
realise and, at the same time, introduce relatively low
scattering loss.

[0054] Advantageously, the gaseous elementis a gas
that allows obtaining a high difference between the re-
fractive indices n1, n3 and n2, n4.

[0055] For example, such gaseous element consists
of air that, having a refractive index equal to about 1,
allows obtaining a high difference between the refractive
indices n1, n3 and n2, n4.

[0056] According to a variant, the second and the
fourth layer are maintained in vacuum conditions.
[0057] Preferably, the planar element is a planar opti-
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cal waveguide.
[0058] In this way, the device of the invention is com-
patible (that s, easily connectable) with optical fibres and
optical devices realised in optical fibre or planar
waveguide and itis suitable to be inserted in optical com-
munication systems or optical networks.
[0059] In this case, the first and the third layer of the
unitary cells consist of waveguide portions having length
L1 and L3 and n1 is the effective refractive index of the
waveguide at the wavelengths of interest.
[0060] The waveguide typically comprises a substrate,
a first cladding region, a core, a second cladding region
and a ridge.
[0061] Advantageously, the substrate, the first and the
second cladding region, the core and optionally, the ridge
of the waveguide are realised with materials having a
non-linearity of the x, or x5 type.
[0062] Typical examples of materials having a non-lin-
earity of the y, or x5 type are Al,(GaAs),_,, LINbO5 and
silicon (for example, doped with germanium).
[0063] Advantageously, the waveguide is suitable to
guarantee a single-mode propagation at the frequencies
of the radiations involved in the parametric process (for
example, both at a pump frequency o, and at a signal
frequency wg).
[0064] Inan embodiment, each unitary cell of the sub-
stantially periodic photonic crystal structure comprises
more than four layers. For example, each unitary cell
comprises 6 or 8 layers with refractive indices n1-n6 or
n1-n8 and lengths L1-L6 or L1-L8 suitably selected ac-
cording to the invention.
[0065] According to an embodiment of the device of
the invention, in a parametric process in which a pump
radiation at frequency m,=2e interacts with a signal ra-
diation at frequency w,, with w; = w+Aw, for generating
a radiation at frequency 0g, with 0g = 0y - 05 = W-AW,
- ni1,n2,n3, n4, L1, L2, L3, L4 are selected so that
the photonic crystal structure has

* a band gap of order M,,, in the proximity of
frequency 2, and a band gap of order M, in the
proximity of frequency o so that the following
relation is satisfied: M, = 2M+1, where My,
and M, are two integers; and

* a transmission band with a j -th transmission
peak at frequency w so that the following relation
is satisfied: j, = (Nx£1)/2, where j , is an integer
comprised between 1 and N-1 and N is the
number of unitary cells;

- the number N of unitary cells is an odd number; and

- the number N of unitary cells is selected so that two
adjacent transmission peaks in a transmission band
of the photonic crystal structure have a spacing in
frequency that is substantially equal to Aw.
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[0066] The Applicant has verified thatthese conditions
are such that the above parametric process is performed
in phase matching conditions, the frequency o, of the
pump radiation is at a band edge, and the frequencies
o, 0g and oy are at a transmission peak within a trans-
mission band of the photonic crystal structure.
[0067] The device according to this embodiment ad-
vantageously allows, as it willbe better described in detail
hereinafter, realising in phase matching conditions a
spectral inversion operation with tunable signal radiation
frequency .
[0068] According to an alternative embodiment of the
device, in a parametric process wherein apump radiation
at frequency w,=2w interacts with a signal radiation at
frequency wg, With ®g = o+Aw, for generating a signal
radiation at frequency g, with @y = o, - 0y = 0-Aw,
- n1,n2,n3, n4, L1, L2, L3, L4 are selected so that
the photonic crystal structure has

* aband gap of order M, in the proximity of the
frequency 2w and a band gap of order M, in the
proximity of the frequency w so that the following
relation is satisfied: M,,, = 2M, where M, and
M,, are two integers; and

* a transmission band with a j,-th transmission
peak at frequency o and a transmission band
with a j,,-th transmission peak at frequency 2w
so that the following relation is satisfied: j,, =
2jgy where j, and j,,, are integers comprised be-
tween 1 and N-1 and N is the number of unitary
cells, and

- the number N of unitary cells is selected so that the
two adjacent transmission peaks in a transmission
band of the photonic crystal structure have a spacing
in frequency that is substantially equal to Aw.

[0069] The Applicant has verified thatthese conditions
are such that the above parametric process is performed
in phase matching conditions and the frequencies 0p, O,
0 and oy are at a transmission peak within a transmis-
sion band of the photonic crystal structures.

[0070] The device accordingtothis alternative embod-
iment advantageously allows, as it will be better de-
scribed in detail hereinafter, realising, in phase matching
conditions, afrequency converter device with tunable fre-
quencies 0 and g of pump and signal radiations.
[0071] Advantageously, the second means for provid-
ing said pump radiation at frequency «w, comprises a
pump sources suitable to provide the pump radiation at
frequency w, tothe substantially periodic photonic crystal
structure. Moreover, said second means typically further
comprises means for optically coupling the pump source
to the substantially periodic structure.

[0072] Preferably, the pump source is tunable.
[0073] Typically, the pump source is a laser source of
the DFB (Distributed Feedback Bragg grating) or DBR
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(Distributed Bragg Reflector) type.

[0074] Whenthe substantially periodic photoniccrystal
structure is realised in a waveguide, the pump source
and the waveguide are advantageously integrated in the
same substrate.

[0075] Typically, the output means of the device of the
invention comprises an optical filter connectedtothe sub-
stantially periodic structure, suitable to let the radiation
generated at frequency wy exit from the device and to
suppress a possible residual pump radiation atfrequency
0p and a possible residual signal radiation at frequency
.

[0076] Advantageously,the firstmeansforsendingthe
signal radiation at frequency o, the second means for
providing the pump radiation at frequency «y, the output
means and the substantially periodic structure are ar-
ranged in the device with respect to one another so that
the radiations involved in the parametric process, by
propagating from the first and second means towards
the output means, pass through the substantially periodic
structure along the alternance of the layers (that is, so
that the layers are stacked or side by side along the di-
rection of propagation of the radiations from the input to
the output of the device).

[0077] In a third aspect thereof, the present invention
relates to an optical communication line as defined in
claim 21.

[0078] As regards the structural and functional fea-
tures of the device, reference shall be made to what de-
scribed above.

[0079] Inafourth aspectthereof, the present invention
relates to an optical communication system as defined
is claim 22.

[0080] Advantageously, the transmitting station is suit-
able to provide n optical signals having frequencies w4,
Wgo.... B, differing from one another, to multiplex them
in wavelength in a single WDM optical signal and to send
said WDM optical signal along the optical communication
line.

[0081] Moreover, the receiving station is advanta-
geously suitable to demultiplex a WDM optical signal
coming from the optical communication line and to pro-
vide the demultiplexed signals to optional further
processing stages.

[0082] As regards the structural and functional fea-
tures of the device, reference shall be made to what de-
scribed above.

[0083] In a fifth aspect thereof, the present invention
relates to a method of generating, through a parametric
process, a radiation at frequency wy through the interac-
tion of a pump radiation at frequency o, with at least one
signal radiation at frequency ws, as defined in claim 24.
[0084] As regards the structural and functional fea-
tures of the substantially periodical, reference shall be
made to what described above.

[0085] Furtherfeatures and advantages of the present
invention will appear more clearly from the following de-
tailed description of a preferred embodiment, made with
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reference to the attached drawings. In such drawings,

- Fig. 1 shows a schematic view of a one-dimensional
photonic crystal periodic structure;

- Fig. 2 shows a schematic view of an embodiment of
the periodic structure of Fig. 1;

- Fig. 3 showthe section of a unitary cell of an example
of periodic structure according to the embodiment of
Fig. 2;

- Fig. 4 shows a periodic structure according to the
embodiment of Fig. 2 realised in a planar optical
waveguide;

- Fig. 5 shows a cross section of a waveguide accord-
ing to Fig. 4;

- Fig. 6 shows a transmission spectrum in function of
the frequency of afirst example of a device according
to the invention;

- Fig. 7 shows a transmission spectrum of a second
example of a device according to the invention in
function of the wavelength (Fig. 7a) and of the fre-
quency (Fig. 7b);

- Fig. 8 shows a schematic view of a typical transmis-
sion spectrum of a device according to the invention;

- Fig. 9 shows a schematic view of a frequency spec-
tralinversion operation with respectto afrequency w;

- Fig. 10 shows a schematic view of an optical com-
munication line according to the invention;

- Fig. 11 shows a schematic view of an optical com-
munication system according to the invention;

[0086] Fig. 1 shows a schematic view of a one-dimen-
sional photonic crystal structure 9, comprising N substan-
tially equal unitary cells 15.

[0087] Each unitary cell 15 comprises, in turn, four lay-
ers 11-14 having refractive index n1, n2, n3, n4 and
lengths L1, L2, L3, L4 that periodically alternate along
the photonic crystal periodic structure 9.

[0088] At least one of the four layers 11-14 consists of
a material having a non-linearity of the y, or x5 type so
as to be able to carry out a parametric process.

[0089] The values of the refractive indices n1-n4 and
oflengths L1-L4 are selected, as it will be better described
in detail hereinafter, so as to performthe parametric proc-
ess in phase matching conditions and according to the
desired application for the device 10.

[0090] The values of the refractive indices n1-n4 and
of lengths L1-L4, in fact, determine the amplitude and
the position in frequency (or wavelength) of the transmis-
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sion bands and of the band gaps of the transmission
spectrum of the device 10.

[0091] Fig. 8 shows a schematic view of atypicaltrans-
mission spectrum of the device 10 of the invention in
function of frequency .

[0092] In Fig. 8, reference number 101, 102, 103 re-
spectively indicate the transmission band of the first, sec-
ond and third order; reference number 100, 200, 300 re-
spectively indicate the band gap of first, second and third
order; reference number 110 and 120 indicate the band
edge at high frequency ofthe first order and, respectively,
at low frequency of the second order; reference number
130 and 140 indicate the band edge at high frequency
of the second order and respectively, at low frequency
of the third order; and finally, reference numeral 150 in-
dicates the band edge at high frequency of the third order.
[0093] Asitcanbe noted, the transmission bands 101,
102 of the first and second order are in the proximity of
the band gap 100 of first order, the transmission bands
102, 103 of the second and third order are in the proximity
of the band gap 200 of second order, and so on.

[0094] Moreover, the transmission bands 101, 102,
103 consist of a plurality of transmission peaks having a
predetermined spacing in frequency. In the example
shown in Fig. 8, each transmission band 101, 102, 103
has six transmission peaks. It has been verified that in a
photonic crystal structure the number of transmission
peaks of each transmission band 101-103 and the spac-
inginfrequency between the transmission peaks depend
on the number N of unitary cells 15 forming the structure.
More in particular, the number of transmission peaks of
each transmission band 101-103 is equal to N-1 inde-
pendently of the number of layers forming the unitary cell
15 and the spacing in frequency between the peaks de-
creases as the number N of unitary cells 15 increases.
[0095] Fig. 2 shows an embodiment of the device 10
of Fig. 1 wherein the first and the third layer 11 and 13
consist of the same material and substantially have the
same refractive index n1 and the second and fourth layer
12 and 14 consist of the same material and substantially
have the same refractive index n2.

[0096] Moreover, in the device according to the em-
bodiment of Fig. 2 L1 is different from L3 and/or L2 is
different from L4.

[0097] The device 10 according to this embodiment is
made in a planar element wherein layers 11-14 are side
by side to one another.

[0098] Moreover, the planar element consists of a sin-
gle material having refractive index n1 and a non-linearity
of the x, or x5 type and it advantageously comptrises cuts
of predetermined depths and lengths (L2 and L4) suitably
spaced from one another (by L1 and L3) so that the sec-
ond and the fourth layer 12 and 14 consist of air (with
refractive index equal to about 1) and the first and the
third layer consist of the above material with refractive
index n1.

[0099] Thus, in such device 10, the four-layer unitary
cells 15 are advantageously obtained by simply perform-
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ing suitable cuts in the planar element.

[0100] Forexample, Fig. 3 shows the section of a uni-
tary cell 15 of such device 10 wherein the first and the
third layer 11 and 13 have refractive index n1 and lengths
L1 and L3 and the second and fourth layer 12 and 14
consist of air and have lengths L2 and L4.

[0101] The cuts are typically performed through a first
lithography step to define the portions where the cuts are
to be made, and a second etching step with which the
cuts are performed.

[0102] Forexample, the lithography step is performed
by means of an equipment by the company LEICA CAM-
BRIDGE, model EBMF 10,5 cs/120 System whereas the
etching step is carried out by means of an equipment by
the company OXFORD INSTRUMENTS PLASMA
TECHNOLOGY, model Plasmalab System 100.

[0103] Moreover, the second etching step is preferably
followed by a third passivation step performed according
to known methods, for example as described for lasers
by H. Horie et al. ("Reliability Improvement of 980-nm
laser diodes with a new facet passivation process", IEEE
Journal of Selected Topics in Quantum Electronics, Vol.
5, No. 3, May/June 1999, pages 832-838).

[0104] Fig. 4 shows a preferred embodiment of the de-
vice of Fig. 2, wherein the planar element consists of a
planar optical waveguide 1.

[0105] The waveguide 1 is of the conventional type,
and it comprises a ridge 5, a first cladding region 6, a
core 4, a second cladding region 3 and a substrate 2 (Fig.
5).

[0106] Preferably, the cuts performed in the
waveguide 1 for the purpose of forming the second and
fourth layer 12 and 14 of the unitary cells 15 have such
depth D, as to allow the radiation propagation modes
propagating in the waveguide to propagate wholly, or
partly, in the cuts, thus reducing losses.

[0107] Typically, the cuts have such depth as to incise
the waveguide 1 up to the second cladding region 3. Pref-
erably, as shown in Fig. 5, they have such depth D, as
to incise at least partly also substrate 2.

[0108] In this preferred embodiment of the device 10,
the refractive index n1 of the first and third layer 11 and
13 is the effective refractive index of the waveguide 1
whereas the refractive index n2 of the second and fourth
layer 12 and 14 is the refractive index of air (equal to
about 1).

[0109] Advantageously, thicknesses Dg, Dg,, D
Dy, D, and the refractive indices ng, Ny, Negs Ngjys Ny
respectively of substrate 2, of the second cladding region
3, of the core 4, of the first cladding region 6 and of the
ridge 5 are selected so as to guarantee a single-mode
propagation at the frequencies (or wavelengths) of the
electromagnetic radiations involved in the parametric
process.

[0110] For example, the waveguide 1 consists of Al,
(GaAs),., that has a non-linearity of the y, type.

[0111] In a particular case, in the waveguide 1 the
quantity of aluminium (Al) is of about 50% in the substrate
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2; about 30% in the second cladding region 3; about 20%
in the core 4 and about 25% in the first cladding region
6 and in the ridge 5.

[0112] With such compositions, substrate 2, the sec-
ond cladding region 3, the core 4, the first cladding region
6 andthe ridge 5 have refractive indices ng, n 5, Ngo, N1
n, - at the wavelengths, for example, of 1550 nmand 775
nm - shown in table 1.

TABLE 1
@1550 nm | @775nm
Ng 3.176 3.326
Nelo 3.282 3.498
Neo 3.334 3.536
Nei 3.308 3517
n, 3.308 3.517

[0113] The effective refractive index of the waveguide
1 having the refractive indices of table 1 is equal to about
3.45 at 775 nm and about 3.17 at 1550 nm.
[0114] Moreover, thickness Dg, Dy, Doy, Dy, D, of
the waveguide 1 is, for example, as follows

D, equal to about 3 pm;
Do equal to about 0.14 pm;
D, equal to about 0.14 pm;
D4 equal to about 0.10 pm;
D, equal to about 0.14 pm.

[0115] Moreover, the width L, of the ridge 5 is, for ex-
ample, equal to about 2 pm and the cuts performed in
the waveguide 1 in order to form the periodic structure
having four-layer 11-14 unitary cells 15 have a depth D,
of about 1 wm so as to incise also part of the substrate
2 as shown in Fig. 5.

[0116] Ithasbeen verified thatthe waveguide 1 having
the above values of D, Dgp, Dgo, Deys Dy @nd ng, ngp,
Neos Nelt» Ny iS Single-modal both at the wavelength of 775
nm and at the wavelength of 1550 nm.

[0117] Thus,itcanbe usedforperforming a parametric
process in which the wavelengths of the signal and pump
radiation are equal to about 1550 and 775 nm (the gen-
erated radiation is automatically single-mode).

[0118] In general, the values of the refractive indices
n1-n4 atthe wavelengths (or frequencies) of interest and
of the lengths L1-L4 of the device 10 of the invention are
selected so as to perform the desired parametric process
in phase matching conditions and according to the de-
sired application for the device 10.

[0119] Forexample,the values ofthe refractive indices
n1-n4 and of the lengths L1-L4 can be selected so as to
realise a device 10 that performs a difference frequency
generation parametric process (typical of a material hav-
ing non-linearity of the , type) wherein a pump radiation
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at frequency op, with 0p=20, interacts with a signal ra-
diation at frequency w, with ws = w+Aw, for generating
a radiation at frequency oy = @, - 0= 0-Aw.

[0120] Asregardsthe phase matchingcondition, inthe
case of difference frequency generation, it is satisfied
when

¢g = ¢p - ¢s

where ¢4, ¢, and ¢ respectively indicate the phase, at
the output of the device, of the generated radiation, of
the pump radiation and of the signal radiation.

[0121] More in particular, if @, = 2, ws = w+Aw and
g = 0-A, 1t has been verified that the above phase
matching condition is satisfied when

¢2w = 2¢m

where ¢,,, and ¢, respectively indicate the phase, at the
output of the device, of the pump radiation at frequency
2w and of a radiation at frequency .

[0122] Moreover, it has been verified that the values
of ¢, and ¢, depend on the position of the frequencies
20 and o with respect to the transmission spectrum of
the photonic crystal structure 9 of the device 10.

[0123] More in particular, it has been verified that in a
transmission spectrum of a photonic crystal structure the
phase at the transmission peaks increases as the fre-
quencies increase. In particular, if the phase in input to
the device is null, in output from the device

i) thefirsttransmission peak of the transmission band
of first order has a phase of 7;

ii) the phase difference between two adjacent trans-
mission peaks in the same transmission band is of
m; and

ii)the phase difference between two transmission
peaks that respectively are in the proximity of the
band edge at low frequency and of the band edge
at high frequency of the same band gap is of 2.

[0124] In turn, as regards the type of application, the
device 10 that performs the above parametric process
according to which o, = w-Aw can, for example, be used
as spectral inverter of a signal radiation with respect to
a frequency o (that is, for generating a frequency w-Aw
from a signal frequency w,=w+Aw) or as frequency con-
verter (that is, for converting a signal frequency oy into
a generated frequency o).

[0125] In the first case of spectral inverter, it is prefer-
able that the values of the refractive indices n1-n4 and
of the lengths L1-L4 are selected so that the device 10

10

15

20

25

30

35

40

45

50

55

is capable of spectrally inverting signals in a relatively
wide range of frequencies (or wavelengths), that is, that
the signal radiation frequency w, is within a transmission
band of the photonic crystal periodic structure 9 (signal
tunability).

[0126] In turn, in the second case of frequency con-
verter, it is preferable that the values of the refractive
indices n1-n4 and of the lengths L1-L4 are selected so
that the device 10 is capable of operating with signal ra-
diations and pump radiations in relatively wide intervals
of frequencies (or wavelengths), that is, that both the sig-
nal radiation frequency o, and the pump radiation fre-
quency w, are within a transmission band of the photonic
crystal periodic structure 9 (pump and signal tunability).
[0127] Based onthe above conditions i)-iii), to perform
a spectral inverter device in the conditions of phase
matching and tunability of the frequency o, of the signal
radiation, the phase ¢,,, of the pump radiation at frequen-
cy 2w at the output of the device and the phase ¢,, of the
radiation at frequency w at the output of the device must
satisfy the following relations

a)
¢2w = 2¢m
b)
¢2m= (Mzm*N * 1)*mn
c)

¢m (h%>* N + j)* n

where M,,, and M, are two integers that respectively
indicate the orders of the band gaps of the photonic crys-
tal structure 9 in the proximity of which frequencies 2w
and w must be located; N is an integer indicating the
number of unitary cells 15 present in the device 10 and
jis an integer indicating the j-th transmission peak within
a transmission band of the photonic crystal structure 9
and, for what said above, it satisfies the following relation:
1 <J<N-1.

[0128] Condition a) imposes that the phase matching
condition is satisfied, condition b) imposes that the pump
radiation at frequency 2w is located at a transmission
peak in the proximity of a band edge and condition c)
imposes that the radiation at frequency o is located at a
transmission peak within a transmission band.

[0129] Morein particular, condition b) allows obtaining
an efficient parametric process since it has been verified
that, in a photonic crystal structure, the efficiency of a
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parametric process increases when the pump frequency
is at a band edge (enhancement phenomenon). In turn,
condition ¢) allows obtaining the tunability of the signal
radiation.

[0130] Replacing the relations b) and c) in the relation
a), we have that the above relations a)-c) are satisfied
when

My, = 2*M, + 1 (A)
and
. N1
Jj= (B)
2
[0131] Relation (A) indicates that the order of the band

gap in the proximity of frequency 2w and the order of the
band gap in the proximity of frequency w are not inde-
pendent of each other. In turn, relation (B) shows that
frequency wmust be in the middle of atransmission band
andthatthe number N of unitary cells 15 must be an odd
number, since j is an integer.

[0132] For example, if frequency o is in the proximity
of the first band gap (M,=1) and the number N of unitary
cells 15 is equal to 5, from relations (A) and (B) it results
that the frequency 2w must be in the proximity of the third
band gap (M,,,=3) and that the frequency w must be at
the second orthird transmission peak (j=2 or 3) of atrans-
mission band in the proximity of the first band gap.
[0133] Replacing these values of M, My, Nandjin
relations b) and c) we have that the phase matching con-
dition a) is satisfied when ¢, = 14w or 16w and when ¢,
=7mn or 8m.

[0134] To realise a spectral inverter device in condi-
tions of phase matching and tunability of the frequency
o, of the signal radiation, the values of n1-n4 and L1-L4
of the device 10 must thus be selected so that the trans-
mission spectrum of the photonic crystal structure of the
device 10 satisfies the above relations (A) and (B) . More-
over, the number N of unitary cells 15 must be an odd
number.

[0135] Forexample,the values ofni-n4andL1-L4that
allow satisfying relations (A) and (B) can be determined
through Maxwell equations of light propagation in a pho-
tonic crystal, described for example by Kane S. Yee ("Nu-
merical solution of initial boundary value problems involv-
ing Maxwell’s equations in isotropic media", IEEE Trans-
actions on Antennas and Propagation, vol. AP-14, no. 3,
May, 1996, pages 302-307).

[0136] Through simulations with a calculator, the val-
ues of L1-L4 for the waveguide 1 described above with
reference to figures 4 and 5 have been determined, con-
sidering as frequencies 2w and w the values correspond-
ing to the wavelengths respectively of 775 nm and 1550
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nm, as values of n1 at the wavelengths of interest the
values of the effective refractive index of the waveguide
1 at 15650 nm and 775 nm and as values of n2 at the
wavelengths of interest, the refractive index of air (which,
at 1550 nm and 775 nm is the same).

[0137] Thefollowingvalues of L1-L4 resultedfrom said
simulations:

Ll = 0.404 um
L2 = 0.155 pm
L3 = 0.570 pum
L4 = 0.108 um.

[0138] Thatis, the total length (L1+L2+L3+L4) of each
unitary cell 15 was of about 1.237 pm.

[0139] Moreover, the simulations have shown that a
device 10 with the waveguide 1 comprising unitary cells
15 having the above values of n1, n2 and L1-L4 has, in
a band of about 80 nm centred around 1550 nm, an ef-
ficiency of conversion of about -21 dB for a length of
about 299 um and an efficiency of about -10dB for a
length of some mm, where efficiency of conversion indi-
cates the ratio, expressed in dB, between the power of
the generated radiation in output from the device and the
power of the signal radiation in input to the device, when
the power values are expressed in linear units.

[0140] With the simulations, moreover, the transmis-
sion spectrum T has been determined in function of the
frequency f (with f=w/2m) of the device 10 having the
above values of n1, n2, L1-L4, in case of N equal to 13
(Fig. 6).

[0141] As it can be noted in said figure, the transmis-
sion bands of said spectrum are discontinuous, that is,
they consist of transmission peaks (more in particular, in
the illustrated case of N=13, each transmission band has
twelve transmission peaks). Thus, the device 10 mustbe
designed so that the frequency w+Aw () of the signal
radiation and the frequency m-Aw () of the generated
signal radiation are at a transmission peak. More in par-
ticular, the number N of unitary cells 15 of the device 10
must be selected so that the spacing in frequency be-
tween two transmission peaks of a same transmission
band is equal to Aw.

[0142] Moreover, as it can be noted from Fig. 6, the
transmission spectrum satisfies the above mentioned re-
lations (A) and (B). In fact, in such spectrum, the frequen-
cy 2w is in the proximity of the band gap of ninth order
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(M,,=9) and the frequency o is in the proximity of the
band gap of fourth order (M,=4) and at a transmission
peak in the middle of a transmission band. Moreover, the
frequency 2w is at the high frequency edge of the band
gap of the ninth order.

[0143] Moreover, from the spectrum of Fig. 6 it can be
seen that the device 10 has a band centred around 1550
nm for signal radiation. Moreover, it has been verified
that said band has a width of about 80 nm. The device
10 can thus be tuned for spectrally inverting signal radi-
ations having wavelengths comprised in an interval of
about 80 nm.

[0144] By properly selecting the values of n1-n4, L1-
L4 and N, the device 10 of the invention is thus capable
of realising a spectral inverter in conditions of phase
matching and tunability of the frequency wy of the signal
radiation.

[0145] Forexample, suchspectralinvertercanbe used
for compensating the chromatic dispersion of a signal or
of a grid of WDM signals in an optical communication line
orsystem. In this last case, both the spacing in frequency
between two adjacent transmission peaks of the device
10 and the spacing in frequency of the grid of WDM sig-
nals must be substantially equal to Aw.

[0146] An example of spectral inversion operation of
a grid of WDM signals with respect to a frequency o is
schematically indicated in Fig. 9.

[0147] In such figure, reference number 310 indicates
the grid of WDM signals to be inverted whereas reference
number 320 indicates the generated grid of WDM signals.
The WDM signals to be spectrally inverted have frequen-
cies gy, Ogp, ... Og, respectively equal to o+Ao,
w+2Aw, ..... o+nAwwhereasthe generated WDM signals
have frequencies wgy, g, -... 0y, respectively equal to
O-A®, 0-2A®, ... ®»-NA®.

[0148] It has been verified that in the device 10 de-
signed for performing the spectral inversion operation e,
= @), - 0, With ©,=20, 05 = 0+Am and wg = 0-Aw in phase
matching conditions, the phase matching condition also
occurs for signals at frequencies w+2Aw, .....o+nA®.
[0149] Moreover, the device 10 designed so as to re-
alise a spectral inverter, can be used for equalising the
Raman gain in an optical communication line or system,
for example, similarly to what described by A.G. Grand-
pierre et al. ("Stimulated Raman scattering cancellation
in wavelength-division-multiplexed systems via spectral
inversion”, OFC 2000, Tu-A5-1/15 - Tu-A5-3/17).
[0150] We shall now consider the case of application
as frequency converter of the device 10 of the invention
that performs the difference frequency generation para-
metric process where my=2, Ks=0+Am and ©;=w-Ao.
[0151] Considering conditions i)-iii) described above,
for realising a frequency converter device in conditions
of phase matching and tunability of the frequency o, of
the signal radiation and of the frequency e, of the pump
radiation, the phase ¢,,, of the pump radiation at frequen-
cy 2w at the output of the device and the phase ¢,, of the
radiation at frequency o at the output of the device must
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satisfy the following relations

d)

¢2m = 2¢w

4+

¢2m = (MZm * N

Jap)* W

¢m=

(M, *N + )% 7

where M, and M, are two integers that respectively in-
dicate the orders of the band gaps of the photonic crystal
structure 9 in the proximity of which frequencies 2w and
wmustbe; Nis an integerindicatingthe number of unitary
cells 15 present in the device 10; j,, and j , are two inte-
gers indicating the j-th transmission peak at which fre-
quencies 2w and respectively, @ must be situated within
atransmission band of the photonic crystal structure and,
for what said above, they satisfy the following relation: 1
< Jogr Jo S N-1.

[0152] Condition d) imposes that the phase matching
condition is satisfied, condition e) imposes that the pump
radiation atfrequency 2w is at a transmission peak within
a transmission band, and condition f) imposes that the
radiation at frequency o is at a transmission peak within
a transmission band.

[0153] More in particular, conditions e) and f) allow ob-
taining the tunability of the signal and pump radiation.
[0154] Replacing relations e) and f) in relation d) we
have that the above relations d)-f) are satisfied when

Myw = 2*M, (C)
and
J20 = 2%J, (D)
[0155] Relation (C) indicates that the order of the band

gap in the proximity of frequency 2w and the order of the
band gap in the proximity of frequency w are not inde-
pendent of each other. In turn, relation (D) shows that,
in order to obtain a good tunability of the pump and signal
radiation, frequency 2w must preferably be situated in a
transmission peak that is substantially in the middle of a
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transmission band, whereas frequency w must preferably
be situated in a transmission peak that is substantially at
a fourth of a transmission band.

[0156] Forexample, if the number N of unitary cells 15
is equal to 20 and frequency  is in the proximity of the
first band gap (M,=1) and at the fifth transmission peak
(i,=5), from relations (C) and (D) it results that frequency
20w must be in the proximity of the second band gap
(M,,=2) and at the tenth transmission peak (jo,=10) of
a transmission band in the proximity of the second band

gap.
[0157] Replacing these values of M, M, , N, j,,, and
jo in relations b) and c) we note that the phase matching

condition a) is satisfied when ¢, = 30w or 50% and when
¢y, = 157 or 25m.

[0158] For the device 10 to realise a frequency con-
version in conditions of phase matching and tunability of
the signal frequency wg and of the pump frequency w,,
the values of n1-n4 and L1-L4 of the device 10 must thus
be selected so that the transmission spectrum of the pho-
tonic crystal structure 9 satisfies the above relations (C)
and (D).

[0159] Forexample,thevaluesofni-n4andL1-L4that
allow satisfying relations (C) and (D) can be determined
through Maxwell equations of light propagation in a pho-
tonic crystal.

[0160] Through simulations with a calculator, the val-
ues of L1-L4 for the waveguide 1 described above with
reference to figures 4 and 5 have been determined, con-
sidering as frequencies 2w and w the values correspond-
ing to the wavelengths respectively of 775 nm and 1550
nm, as values of n1 at the wavelengths of interest the
values of the effective refractive index of the waveguide
1 at 1550 nm and 775 nm and as values of n2 at the
wavelengths of interest, the refractive index of air (which,
at 1550 nm and 775 nm is the same).

[0161] Thefollowingvalues of L1-L4 resulted from said
simulations:

L1 = 0.315 um
L2 = 0.100 pm
L3 = 0.121 um
L4 = 0.100 um.

[0162] Thatis, the total length (L1+L2+L3+L4) of each
unitary cell 15 was of about 0.6365 pm.

[0163] Moreover, the simulations have shown that a
device 10 comprising unitary cells 15 having the above
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values of n1, n2 and L1-L4 has, in a band of about 100
nm centred around 1550 nm, an efficiency of conversion
of about-40 dBfora length of about 273 pm, an efficiency
of about -18dB for a length of about 3 mm and an effi-
ciency of about -6dB for a length of about 1 cm.

[0164] The efficiency of this device 10 is less than that
of the previously described device because in this type
of applications, wherein it is required that both the signal
radiation and the pump radiation are tunable (that is, they
must be situated within a transmission band), the en-
hancementphenomenonthat occursinaphotonic crystal
structure when the pump and/or signal radiation are sit-
uated at a band edge, is not exploited.

[0165] Through the simulations it was obtained the
transmission spectrum T, in function of wavelength A
(Fig. 7a) and of frequency F (Fig. 7b),of the waveguide
1 having the above values of n1, n2, L1-L4 in the case
of N equal to 13.

[0166] As it can be noted in figures 7a and 7b, the
transmission bands of such spectrum are discontinuous,
that is, they consist of a plurality of transmission peaks
(more in particular, in the illustrated case they consist of
12 transmission peaks). Thus, the device 10 must be
designed so that the frequency w+Aw () of the signal
radiation and the frequency m-Aw () of the generated
signal radiation are situated at a transmission peak. More
in particular, the number N of unitary cells 15 of the device
10 must be selected so that the spacing in frequency
between two transmission peaks of a same transmission
band is equal to Aw.

[0167] Moreover, it has been verified that the trans-
mission spectrum of Fig. 7b satisfies the above relations
(C)and (D).

[0168] Moreover, from the spectrum of Fig. 7a it can
be noted that the device 10 has a band centred around
1550 nm for the signal radiation (for which a width of
about 100 nm has been determined) and a band centred
around 750 nm for the pump radiation (for which a width
of about 20 nm has been determined). The device 10
can thus be tuned for converting signal radiations having
wavelengths comprised in an interval of about 100 nm
around 1550 nm using pump radiations having wave-
lengths comprised in an interval of about 20 nm around
775 nm.

[0169] By properly selecting the values of n1-n4, L1-
L4 and N, the device 10 of the invention is thus capable
of performing a frequency converter in conditions of
phase matching and tunability of the frequency o, of the
signal radiation and of the frequency e, of the pump ra-
diation.

[0170] Forexample, such frequency converter can be
used for avoiding a conflict of wavelengths in a node of
aWDM optical network wherein signals at different wave-
lengths are routed towards other nodes of the network
(S.J.B. Yoo, "Wavelength conversion technologies for
WDM network applications”, Journal of Lightwave Tech-
nology, Vol. 14, No. 6, June 1996, pages 955-966).
[0171] Infact, in such node it may occur that two sig-
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nals having the same wavelength (or frequency) must be
routed towards the same output, which would imply the
need of a device suitable to convert the wavelength of
one of the two signals into another wavelength before
routing the two signals towards the same node output.
[0172] From the examples above it is evident that the
device 10 ofthe invention allows performing a parametric
process in phase matching conditions and according to
the application required for the device.

[0173] Resumingthe general description of the device
10, it typically comprises also a pump source (not shown)
suitable to provide a pump radiation at frequency o, to
the photonic crystal structure 9.

[0174] Typically, said pump source is a conventional
laser source.

[0175] Inthe preferred embodiment in which the peri-
odic structure 9 is realised in waveguide, the pump
source and the waveguide 1 of the device 10 are advan-
tageously integrated in the same substrate (for example,
of GaAs).

[0176] For realising in the same substrate the laser
source with emission at the frequency w, and the
waveguide 1, that is transparent at frequency w,, it is
possible to use the SEA (Selective Area Epitaxy) method
-described by J. Coleman ("Metalorganic chemical vapor
deposition for optoelectronic devices", Proc. of IEEE, vol.
85, No. 11, November 1997, page 1715-1729, - or the
known ionic implant method.

[0177] The laser source realised in the substrate ad-
vantageously is of the DFB type - described, for example,
by N.A. Morris et al. ("Single mode distributed-feedback
761 nm GaAs-AlGaAs quantum-well laser", |IEE, PTL,
1995) - or ofthe DBR type with an active region comptised
between two Bragg gratings.

[0178] Ifthe device 10 has been designed for perform-
ing a frequency conversion in tunability conditions of the
frequency w, of the pump radiation, the pump source is
advantageously tunable in wavelength (or frequency).
[0179] Examples of tunable pump sources are, for ex-
ample, described by N.A. Morris et al. ("Single-mode dis-
tributed-feedback 761-nm GaAs-AlGaAs quantum-well
laser", IEEE Photonics Technology Letters, Vol. 7, No.
5, May 1995, pages 455-457), by K. Kobayashi et al.
("Single frequency and tunable laser diodes", Journal of
Lightwave Technology, Vol. 6, No. 11, November 1988,
pages 1623-1633) and by G. Sarlet et al. ("Control of
widely tunable SSG-DBR lasers for dense wavelength
division multiplexing"”, Journal of Lightwave Technology,
Vol. 18, No. 8, August 2000, pages 1128-1138).

[0180] Moreover, the device 10 advantageously com-
prises also an optical filter (not shown) suitable to let the
generated radiation at frequency wy exit from the device
10 and to suppress the residual pump and optionally,
residual signal, radiations.

[0181] Moreover, the device 10 advantageously has
two portions of optical fibre (fibre pigtails) connected to
its input and to its output for facilitating its connection to
other optical fibre devices.
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[0182] Figure 10 shows an optical communication line
23 according to the invention, comprising an optical
transmission fibre length 25 and a device 10 according
to the invention.

[0183] The opticaltransmission fibre length 25 is a por-
tion of optical fibre conventionally used for optical com-
munications. Typically, it is a portion of single-mode op-
tical fibre at the wavelengths of interest.

[0184] The optical transmission fibre length 25 can be
used both in a long distance transmission system and in
distribution networks such as, for example, access net-
works.

[0185] According to the applications, the optical com-
munication line 23 also comptrises an optical amplifier
(not shown).

[0186] Forexample, the optical amplifier is of the con-
ventionaltype and itcomprises a portion of erbium-doped
active optical fibre and a pump source (for example, a
laser source) for pumping the active optical fibre at a
pumping wavelength kp.

[0187] Typical example of values of wavelength )Lp of
the pumping signal, in the case of erbium-doped active
optical fibre, are equal to about 980 and 1480 nm.
[0188] Moreover, the optical amplifier can optionally
comprise more than one optical amplification stages.
[0189] Accordingto anembodiment notshown, the op-
tical communication line 23 of the invention comprises a
plurality of optical transmission fibre lengths 25, a plural-
ity of optical amplifiers interposed between a length and
the other of optical transmission fibre 25 and at least one
spectral inverter 10 according to the invention, designed
for example for compensating at least partly the chro-
matic dispersion of the plurality of optical transmission
fibre lengths 25.

[0190] In general, the device 10 of the invention can
be arranged at the beginning, at the end or within the
optical communication line 23. For example, in the case
of application as spectral inverter, it can be inserted in
the middle of the optical transmission fibre length 25 as
described by M.H. Chou ("Efficient wide-band and tuna-
ble midspan spectral inverter using cascaded nonlinear-
ities in LiINbO3 waveguides", IEEE Photonics Technolo-
gy Letters, Vol. 12, No. 1, January 2000, pages 82-84).
[0191] Fig. 11 showsan opticalcommunication system
20 according to the invention, comprising a transmitting
station 22 for providing an optical signal at a wavelength
of signal A (corresponding to as frequency ), areceiving
station 24 for receiving an optical signal, and an optical
communication line 23 for transmitting the optical signal.
[0192] According to a preferred embodiment, the op-
tical communication system 20 is a WDM system.
[0193] Inthis case, the transmitting station 22 is a con-
ventional WDM equipment suitable to provide N optical
signals having wavelengths A1, A2 ..... AN differing from
one another (corresponding to frequencies gy
g ...0y), to wavelength multiplex them and send them
in the optical communication line 23.

[0194] Moreover, the transmitting station 22 also com-
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prises an optical power amplifier (not shown) (booster)
for amplifying the WDM optical signal before sending it
along the line 23 (or to a certain number of optical power
amplifiers in parallel for amplifying optical signals com-
prised in different wavelength bands).

[0195] Such wavelengths A1, A2..... AN are typically
selectedinto arange of wavelengths comprised between
about 1500nm and x 1600nm.

[0196] Said receiving station 24 comprises a conven-
tional equipment suitable to demultiplex a WDM optical
signal at its input and to send the demultiplexed optical
signals to optional further processing stages. Moreover,
said receiving station 24 typically comprises also an op-
tical pre-amplifier (not shown) suitable to bring the WDM
optical signal at a suitable power level to be received by
the receiving equipment (or a certain number of optical
preamplifiers in parallel for amplifying the optical signals
comprised in different wavelength bands).

[0197] According to the applications, the line 23 com-
prises a plurality of conventional optical amplifiers (not
shown) for amplifying a signal coming from an upstream
portion of the line, in which the signal has attenuated
during its propagation along it, and sending it in a down-
stream portion of the line.

[0198] Alternatively, in place of each optical amplifier,
the line 23 can comprise a number of optical amplifiers
arranged in parallel foramplifyingthe optical signals com-
prised in different wavelength bands.

[0199] For example, system 20 can be a submarine
optical communication systemin which line 23 comprises
aplurality of spans (not shown) that respectively connect
the transmitting station 22 to the first optical amplifier,
said amplifier to the next one, and the last amplifier to
the receiving station 24.

[0200] Each span comprises, for example, a cable in
optical transmission fibre 25 and a device 10 according
to the invention.

[0201] Alternatively, each span comprises a cable in
optical transmission fibre 25 and the device 10 according
to the invention is inserted only in the last span before
the receiving station 24 and/or only in some spans, ac-
cording to the applications.

[0202] The device 10 ofthe invention, havingthe trans-
mission spectrum of Fig. 6 can, for example, be used for
compensating the chromatic dispersion of the optical
transmission fibre lengths 25 in a band of wavelengths
of about 80 nm centred around 1550 nm.

Claims

1. Aperiodic one-dimentional photonic crystal structure
(9) for performing a parametric process comprising
aplurality of unitary cells (15) that follow one another
along a predetermined direction, each unitary cell
(15) comprising

- a first layer (11) having a first refractive index
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n1 and a first length L1;

- asecond layer (12) having a second refractive
index n2, with n1 different from n2, and a second
length L2;

- athird layer (13) having a third refractive index
n3, with n3 different from n2, and a third length
L3; and

- a fourth layer (14) having a fourth refractive
index n4, with n4 different from n1 and from n3,
and a fourth length L4, the periodical alternance
of the first, second, third and fourth layer (11,
12,13, 14) forming said periodic photonic crystal
structure;

wherein at least one among the first, the second, the
third and the fourth layers (11, 12, 13, 14) has a non-
linearity of the x5 or x5 type; the first, second, third
and fourth layer (11, 12, 18, 14) are side by side to
one another in a planar element; the first and the
third layer (11, 13) consist of the same material and
the second and the fourth layer (12, 14) consist of a
gaseous element, characterized in that atleastone
of the following conditions is met:

a) L1 is different from L3; or
b) L2 is different from L4.

Structure (9) according to claim 1, wherein the sec-
ond and the fourth layer (12, 14) of the unitary cells
(15) consist of the same material.

Structure (9) according to claim 1 or 2, wherein the
refractive index differences n1-n2 and n3-n4 are
equal to at least 0.2.

Structure (9) according to claim 3, wherein the re-
fractive index differences n1-n2 and n3-n4 are equal
to at least 0.4.

Structure (9) according to any one of claims from 1
to 4, wherein the gaseous element consists of air.

Structure (9) accordingto any of claims 1t0 5, where-
in the planar element comprises a material having
refractive index n1 and non-linearity of the %, or x5
type and it has cuts having predetermined depths
and lengths and suitably spaced from one another
so as to form the second and the fourth layer (12,
14) of the unitary cells (15), consisting of a gaseous
element, and the first and third layer (11, 13) of the
unitary cells (15) with refractive index n1 and lengths
L1 and L3.

Structure (9) according to any of claims 110 6, where-
in the planar element is a planar optical waveguide

(1)

Structure (9) according to claim 7, wherein the
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waveguide (1) is suitable to guarantee a single-mode
propagation at the frequencies of radiations involved
in the parametric process.

Structure (9) according to claims 6 and 7, wherein
the cuts have such depth as to allow radiation prop-
agation modes propagating in the waveguide (1) to
propagate partly in the cuts.

Structure (9) according to claim 9, wherein the cuts
have such depth as to allow radiation propagation
modes propagating in the waveguide (1) to propa-
gate wholly in the cuts.

Structure (9) according to any of claims 7 to 10,
wherein the waveguide (1) comprises a substrate
(2), a first cladding region (6), a core (4), a second
cladding region (3) and a ridge (5).

Structure (9) according to claim 6 and 11, wherein
the cuts have such depth as to incise the waveguide
(1) up to the second cladding region (3).

Structure (9) according to claim 12, wherein the cuts
have such depth as to incise at least partly also the
substrate (2).

Structure (9) according to any one of claims from 1
to 13, wherein, in a parametric process in which a
pump radiation at frequency 0,=20 interacts with a
signal radiation at frequency wy, with og = w+Aw, for
generating a radiation at frequency g, with g = e
- 05 = O-A®,

P

-n1,n2,n3, n4, L1, L2, L3, L4 are selected so
that the photonic crystal structure (9) has

* a band gap of order My, in the proximity
ofthe frequency 2w and aband gap of order
M,, in the proximity of the frequency o so
that the following relation is satisfied: M2,
= 2M+1, where M, and M, are two inte-
gers; and

* a transmission band with a  -th transmis-
sion peak at the frequency w so that the fol-
lowing relation is satisfied: j, = (N=1)/2,
where | is an integer comprised between
1 and N-1 and N is the number of unitary
cells (15);

- the number N of unitary cells (15) is an odd
number; and

- the number N of unitary cells (15) is selected
so that the spacing in frequency between adja-
centtransmission peaks of a transmission band
of the periodic photonic crystal structure (9) is
substantially equal to Aw.
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Structure (9) according to any one of claims from 1
to 18, wherein, in a parametric process in which a
pump radiation at frequency e =2w interacts with a
signal radiation at frequency wy, with wg = o+Aw, for
generating a radiation at frequency g, with 0g = W,
- g = O-A®,

-n1,n2,n3, n4, L1, L2, L3, L4 are selected so
that the substantially periodic photonic crystal
structure (9) has

* a band gap of order My, in the proximity
of the frequency 2w and a band gap of order
M,, in the proximity of the frequency w so
that the following relation is satisfied: M2,
=2M,,, where M, and M, are two integers;
and

* atransmission band with a j -th transmis-
sion peak at the frequency w and a trans-
mission band with a j,,-th transmission
peak at frequency 2w so that the following
relation is satisfied: j,,, = 2j,, where j, and
Jo,, @re integers comprised between 1 and
N-1andN isthe number of unitary cells (15),
and

- the number N of unitary cells (15) is selected
so that the spacing in frequency between adja-
cent transmission peaks of a transmission band
of the periodic photonic crystal structure (9) is
substantially equal to Aw.

Structure (9) according to any of claims 7 to 13,
wherein the refractive index n1 is the effective re-
fractive index of the waveguide (1).

Optical device (10) for performing a paramettric proc-
ess according to which a pump radiation atfrequency
o, generates a radiation at frequency oy interacting
with at least one signal radiation at frequency g
comprising

* a periodic one-dimensional photonic crystal
structure (9) according to any of claims 1 to 16,
wherein n1, n2, n3, n4, L1, L2, L3, L4 are se-
lected so as to perform the paramettic process
in phase matching conditions;

* first means for sending said at least one signal
radiation at frequency o, along said periodic
structure (9);

* second means for providing said pump radia-
tionatfrequency wy, to said periodic structure (9);
* output means suitable to let said generated
radiation at frequency o, exit from the periodic
structure (9).

Device (10) according to claim 17, also comprising
a pump source suitable to provide a pump radiation
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atfrequency o, to the periodic photonic crystal struc-
ture (9).

Device (10) according to claim 18, wherein the pump
source is tunable.

Device (10) according to claim 18, wherein the pho-
tonic crystal structure is according to claim 7 and
pump source and the waveguide (1) are integrated
in a same substrate (2).

Optical communication line (23) comprising an opti-
cal transmission fibre length (25) for transmitting at
least one signal radiation at frequency wg and an
optical device (10) according to any of claims 17 to
20, connected to said optical fibre length (25), for
performing a parametric process according to which
a pump radiation at frequency 0, generates a radi-
ation at frequency 0y interacting with said at least
one signal radiation at frequency ws.

Optical communication system (20) comprising

* atransmitting station (22) for providing at least
one signal radiation at frequency o;

* an optical communication line (23), connected
to said transmitting station (22), for transmitting
said at least one signal radiation;

* a receiving station connected to said optical
communication line (23);

¢ an optical device (10) according to any of
claims 17 to 20 for performing a parametric proc-
ess according to which a pump radiation at fre-
quency ®, generates a radiation at frequency
0y interacting with said at least one signal radi-
ation at frequency .

Optical communication system (20) according to
claim 22, wherein said transmitting station (22) is
suitable to provide n optical signals, wherein n is an
integer greater than 1, having frequencies gy,
Wgo....0,, differing from one another, to wavelength
multiplex them in a single WDM optical signal and
to send said optical signal along the optical commu-

nication line (23).

Method of generating, through a parametric process,
a radiation at frequency 0y through the interaction
of a pump radiation at frequency w, with at least one
signal radiation at frequency w,, comprising the
steps of:

a) supplying the radiations at frequencies wg and
oy, ina periodic photonic crystal structure (9) ac-
cording to any of claims 1 to 16, wherein n1 n2,
n3, n4, L1, L2, L3, L4 have such values as to
perform the parametric process in phase match-
ing conditions;

&)
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b) supplying the radiation at frequency 0g, gen-
erated in said structure (9), to an output.

Patentanspriiche

1.

Periodische eindimensionale photonische Kiristall-
struktur (9) zum Durchflihren eines parametrischen
Prozesses, umfassend eine Vielzahl von einheitli-
chen Zellen (15), die entlang einer vorbestimmten
Richtung aufeinander folgen, wobei jede einheitliche
Zelle (15) umfasst:

- eine erste Schicht (11) mit einem ersten Bre-
chungsindex n1 und einer ersten Lange L1;

- eine zweite Schicht (12) miteinem zweiten Bre-
chungsindex n2, wobei n1 von n2 verschieden
ist, und einer zweiten Lénge L2;

- eine dritte Schicht (13) mit einem dritten Bre-
chungsindex n3, wobei n3 von n2 verschieden
ist, und einer dritten Lange L3; und

- einer vierten Schicht (14) mit einem vierten
Brechungsindex n4, wobei n4 von n1 und von
n3 verschieden ist, und einer vierten Lange L4,
wobei die periodische Abwechslung der ersten,
zweiten, dritten und vierten Schicht (11, 12, 13,
14) die periodische photonische Kristallstruktur
bildet;

wobei zumindest eine unter der ersten, der zweiten,
der dritten und der vierten Schicht (11, 12, 13, 14)
eine Nichtlinearitét der x,- oder x5-Art besitzt; die
erste, zweite, dritte und vierte Schicht (11, 12, 13,
14) Seite an Seite zueinander in einem ebenen Ele-
ment liegen; die erste und die dritte Schicht (11, 13)
aus demselben Material bestehen und die zweite
und die vierte Schicht (12, 14) aus einem gasférmi-
gen Element bestehen, dadurch gekennzeichnet,
dass mindestens eine der folgenden Bedingungen
erfullt ist:

a) L1 ist von L3 verschieden; oder
b) L2 ist von L4 verschieden.

Struktur (9) nach Anspruch 1, wobei die zweite und
die vierte Schicht (12, 14) der einheitlichen Zellen
(15) aus demselben Material bestehen.

Struktur (9) nach Anspruch 1 oder 2, wobei die Bre-
chungsindexdifferenzen n1 - n2 und n3 - n4 minde-
stens gleich 0,2 sind.

Struktur (9) nach Anspruch 3, wobei die Bre-
chungsindexdifferenzen n1- n2 und n3 - n4 minde-
stens gleich 0,4 sind.

Struktur (9) nach einem der Anspriiche 3 bis 4, wobei
das gasférmige Element aus Luft besteht.
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Struktur (9) nach einem der Anspriiche 3bis 5, wobei
das ebene Element ein Material mit einem Bre-
chungsindex n1 und einer Nichtlinearitét der x,- oder
x3-Art umfasst und es Einschnitte besitzt, die vorbe-
stimmte Tiefen und Langen besitzen und geeignet
voneinander beabstandet sind, um die zweite und
vierte Schicht (12, 14) der einheitlichen Zellen (15)
zu bilden, bestehend aus einem gasférmigen Ele-
ment, und die erste und dritte Schicht (11, 13) der
einheitlichen Zellen (15) mit Brechungsindex n1 und
Langen L1 und L3 zu bilden.

Struktur (9) nach einem der Anspriiche 1 bis 6, wobei
das ebene Element ein ebener optischer Wellenlei-
ter (1) ist.

Struktur (9) nach Anspruch 7, wobei der Wellenleiter
(1) geeignet ist, um eine Einmoden-Ausbreitung bei
den Frequenzen der im parametrischen Prozess
vorkommenden Strahlungen zu garantieren.

Struktur (9) nach Anspruch 6 und 7, wobei die Ein-
schnitte eine solche Tiefe besitzen, um es den sich
im Wellenleiter (1) ausbreitenden Strahlungsaus-
breitungsmoden zu erlauben, sich teilweise in den
Einschnitten auszubreiten.

Struktur (9) nach Anspruch 9, wobei die Einschnitte
eine solche Tiefe besitzen, dass sie es den sich im
Wellenleiter ausbreitenden  Strahlungsausbrei-
tungsmoden erlauben, sich vollsténdig in den Ein-
schnitten auszubreiten.

Struktur (9) nach einem der Anspriiche 7 bis 10, wo-
bei der Wellenleiter (1) ein Substrat (2), einen ersten
Mantelbereich (6), einen Kern (4), einen zweiten
Mantelbereich (3) und eine Leiste (5) umfasst.

Struktur (9) nach Anspruch 6 und 7, wobei die Ein-
schnitte eine solche Tiefe haben, dass sie in den
Wellenleiter (1) bis zum zweiten Mantelbereich (3)
einschneiden.

Struktur (9) nach Anspruch 12, wobei die Einschnitte
eine solche Tiefe haben, dass sie mindestens teil-
weise auch in das Substrat (2) einschneiden.

Struktur (9) nach einem der Anspriiche 1 bis 13, wo-
bei in einem parametrischen Prozess, in welchem
eine Pumpstrahlung an der Frequenz o, = 20 mit
einer Signalstrahlung an der Frequenz w, wechsel-
wirkt, wobei og = ® + Aw, um eine Strahlung an der
Frequenz w, zu erzeugen, wobei 0g =0 - Vg =0~
Aw,

9 P

- n1, n2, n3, n4, L1, L2, L3, L4 so ausgewahlt
werden, dass die photonische Kristallstruktur (9)
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* eine Bandliicke der GréBenordnung M,
in der N&he der Frequenz 2w und eine
Bandliicke der Ordnung M,, in der N&he der
Frequenz o besitzt, sodass die folgende
Beziehung erfllt ist: M, =2M +1 wobei
M,,, und M zwei ganze Zahlen sind; und
* ein Transmissionsband mit einer j -ten
Transmissionsspitze an der Frequenz wbe-
sitzt, sodass die folgende Beziehung erfillt
ist: j,, = (NX1)/2 wobei j,, eine ganze Zahl
zwischen 1 und N-1 ist und N die Anzahl
der einheitlichen Zellen (15) ist;

- die Anzahl N der einheitlichen Zellen (15) eine
ungerade Zahl ist; und

- die Anzahl N der einheitlichen Zellen (15) so
ausgewahlt ist, dass der Frequenzabstand zwi-
schen benachbarten Transmissionsspitzen ei-
nes Transmissionsbands der periodischen pho-
tonischen Kristallstruktur (9) im Wesentlichen
gleich Aw ist.

15. Struktur (9) nach einem der Anspriiche 1 bis 13, wo-

bei in einem parametrischen Prozess, in welchem
eine Pumpstrahlung an der Frequenz o, = 20 mit
einer Signalstrahlung an der Frequenz o, wechsel-
wirkt, wobei o4 = o+Aw, um eine Strahlung an der
Frequenz oy zu erzeugen, wobel mg = w, - 05 = ® -
Aw,

9

-n1,n2, n3, n4, L1, L2, L3, L4 so ausgewahlt
werden, dass die im Wesentlichen periodische
pohotonische Kristallstruktur

* eine Bandlicke der Ordnung M,,, in der
Néhe der Frequenz 2; und eine Bandliicke
der Ordnung M, in der Néhe der Frequenz
o besitzt, sodass die folgende Beziehung
erfillt ist: My, = 2M,,, wobei My, und M
zwei ganze Zahlen sind; und

* ein Transmissionsband mit einer j -ten
Transmissionsspitze an der Frequenz o
und ein Transmissionsband mit einer j,,
-ten Transmissionsspitze an der Frequenz
2 besitzt, sodass die folgende Beziehung
erfullt ist: Jo, = 2j,, wobei j,, und j,, ganze
Zahlen zwischen 1 und N-1 sind und N die
Anzahl der einheitlichen Zellen (15) ist, und

®

- die Anzahl N der einheitlichen Zellen (15) so
gewahlt ist, dass der Frequenzabstand zwi-
schen benachbarten Transmissionsspitzen ei-
nes Transmissionsbandes der periodischen
photonischen Kristallstruktur (9) im Wesentli-
chen gleich Aw ist.

16. Struktur (9) nach einem der Anspriiche 7 bis 13, wo-

bei der Brechungsindex ni der effektive Bre-
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chungsindex des Wellenleiters (1) ist.

Optische Vorrichtung (10) zum Durchflihren eines
parametrischen Prozesses geméaf dem eine Pump-
strahlung an der Frequenz 0, eine Strahlung an der
Frequenz 04 erzeugt, indem sie mit mindestens ei-
ner Signalstrahlung an der Frequenz wg wechsel-
wirkt, umfassend:

*eine periodische eindimensionale photonische
Kristallstruktur (9) gemaf einem der Anspriiche
1 bis 16, wobei n1, n2, n3, n4, L1, L2, L3, L4 so
ausgewahlt sind, dass sie den parametrischen
Prozess unter Phasenanpassungsbedingun-
gen durchfiihren;

* ein erstes Mittel zum Senden der mindestens
einen Signalstrahlung von der Frequenz g ent-
lang der periodischen Struktur (9);

* ein zweites Mittel zum Bereitstellen der Pump-
strahlungan der Frequenz e, an die periodische
Struktur (9);

* ein Ausgabemittel, das geeignet ist, um die
erzeugte Strahlung einer Frequenz o, aus der

9
periodischen Struktur (9) austreten zu lassen.

Vorrichtung (10) nach Anspruch 17, auch eine
Pumpquelle umfassend, die geeignet ist, eine
Pumpstrahlung an der Frequenz o, der periodi-
schen photonischen Kristallstruktur (9) zur Verfu-
gung zu stellen.

Vorrichtung (10) nach Anspruch 18, wobei die Pump-
quelle abstimmbar ist.

Vorrichtung (10) nach Anspruch 18, wobei die pho-
tonische Kristallstruktur gemén Anspruch 7 ist und
wobei die Pumpquelle und der Wellenleiter (1) in ei-
nem selben Substrat (2) integriert sind.

Optische Kommunikationsleitung (23) mit einer op-
tischen Transmissionsfaserlange (25) zum Ubertra-
genvonmindestens einer Signalstrahlung einer Fre-
quenz wg und einer optischen Vorrichtung (10) ge-
mafR einem der Anspriiche 17 bis 20, die mit der
optischen Faserlénge (25) verbunden ist, um einen
parametrischen Prozess durchzufiihren, gemas
dem eine Pumpstrahlung an der Frequenz e, eine
Strahlung einer Frequenz 0y erzeugt, indem sie mit
der mindestens einen Signalstrahlung an der Fre-
quenz »g wechselwirkt.

Optisches Kommunikationssystem (20), umfassend

* eine Ubertragungsstation (22) zum Bereitstel-
len von mindestens einer Signalstrahlung der
Frequenz wg;

* eine optische Kommunikationsleitung (23), die
mit der Ubertragungsstation (22) verbunden ist,
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um die mindestens eine Signalstrahlung zu
Ubertragen;

* eine Empfangsstation, die mit der optischen
Kommunikationsleitung (23) verbunden ist;

* eine optische Vorrichtung (10) gemaf einem
der Anspriiche 17 bis 20 zum Durchfiihren eines
parametrischen Prozesses, geméal dem eine
Pumpstrahlung einer Frequenz w, eine Strah-
lung einer Frequenz oy erzeugt, indem sie mit
mindestens einer Signalstrahlung einer Fre-
quenz wg wechselwirkt.

Optisches Kommunikationssystem (20) gemaf An-
spruch 22, wobei die Ubertragungsstation (22) ge-
eignetist, um n optische Signale bereitzustellen, wo-
bei n eine ganze Zahl gréBer als 1 ist, wobei die
optischen Signale voneinander verschiedene Fre-
quenzen gy, gy ... W, besitzen, um sie in ein ein-
ziges optisches WDM-Signal Wellenlangen zu mu-
litplexen und das optische Signal entlang der opti-
schen Kommunikationsleitung (23) zu senden.

Verfahren zum Erzeugen einer Strahlung an der Fre-
quenz oy durch einen paramettischen Prozess, und
zwar durch Wechselwirkung einer Pumpstrahlung
an der Frequenz @, mit mindestens einer Signal-
strahlung einer Frequenz w,, umfassend die folgen-
den Schritte:

a) Einflhren der Strahlungen an den Frequen-
zen o und ey, in eine periodische photonische
Kristallstruktur (9) gemaR einem der Anspriiche
1 bis 16, wobei n1, n2, n3, n4, L1, L2, L3, L4
solche Werte besitzen, dass sie den parametri-
schen Prozess unter Phasenanpassungsbedin-
gungen durchfiihren;

b) Zufiihren der Strahlung einer Frequenz wg,
die in der Struktur (9) erzeugt wurde, an eine
Ausgabe.

Revendications

Structure cristalline photonique périodique unidi-
mensionnelle (9) pour exécuter un processus para-
métrique comprenant une pluralité de cellules uni-
taires (15) qui se suivent le long d’une direction pré-
déterminée, chaque cellule unitaire (15)
comprenant :

- une premiére couche (11) ayant un premier
indice de réfraction n1 et une premiére longueur
L1;

- une deuxiéme couche (12) ayant un deuxiéme
indice de réfraction n2, n1 étant différent de n2,
et une deuxiéme longueur L2 ;

- une troisiéme couche (13) ayant un troisieme
indice de réfraction n3, n3 étant différent de n2,
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et une troisieme longueur L3 ; et

- une quatrieme couche (14) ayant un quatrieme
indice de réfraction n4, n4 étant différent de n1
et de n3, et une quatriéme longueur L4, l'alter-
nance périodique des premiére, deuxieéme, troi-
siéme et quatrieme couches (11,12, 13, 14) for-
mant ladite structure cristalline photonique
périodique ;

dans laquelle au moins 'une des premiere, deuxié-
me, troisiéme et quatriéme couches (11, 12, 13, 14)
a une non linéarité du type x, ou x4, les premiére,
deuxiéme, troisieme et quatrieme couches (11, 12,
13, 14) sont cbte a céte dans un élément planaire,
les premiére ettroisiéme couches (11, 13) sont faites
du méme matériau et les deuxiéme et quatrieme
couches (12, 14) sont faites d’'un élément gazeux,
caractérisée en ce qu’au moins 'une des condi-
tions suivantes est satisfaite :

a) L1 est différent de L3 ; et
b) L2 est différent de L4.

Structure (9) selon la revendication 1, dans laquelle
les deuxieme et quatriéme couches (12, 14) des cel-
lules unitaires (15) sont faites du méme matériau.

Structure (9) selon la revendication 1 ou 2, dans la-
quelle les différences d’indices de réfraction n1-n2
et n3-n4 sont égales a au moins 0,2.

Structure (9) selon la revendication 3, dans laquelle
les différences d'indices de réfraction n1-n2 et n3-
n4 sont égales & au moins 0,4.

Structure (9) selon 'une quelconque des revendica-
tions 1 a 4, dans laquelle I'élément gazeux est de
lair.

Structure (9) selon 'une quelconque des revendica-
tions 1 a 5, dans laquelle 'élément planaire com-
prend un matériau ayant un indice de réfraction n1
et une non linéarité du type x, ou xg, et comporte
des entailles de profondeurs et de longueurs prédé-
terminées et espacées les unes des autres de fagon
appropriée pour former la deuxiéme et la quatrieme
couches (12, 14) des cellules unitaires (15), consti-
tuées d’un élément gazeux, et les premiére et troi-
siéme couches (11, 13) des cellules unitaires (15)
avec l'indice de réfraction n1 et les longueurs L1 et
L3.

Structure (9) selon 'une quelconque des revendica-
tions 1 & 6, dans laquelle I'élément planaire est un
guide d’onde optique planaire (1).

Structure (9) selon la revendication 7, dans laquelle
le guide d’onde (1) est approprié pour garantir une
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11.

12.

13.

14.
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propagation monomode aux fréquences de rayon-
nements impliquées dans le processus paramétri-
que.

Structure (9) selon les revendications 6 et 7, dans
laquelle les entailles ont une profondeur prévue pour
permettre aux modes de propagation de rayonne-
ments se propageant dans le guide d’onde (1) de se
propager en partie dans les entailles.

Structure (9) selon la revendication 9, dans laquelle
les entailles ont une profondeur prévue pour permet-
tre aux modes de propagation de rayonnements se
propageant dans le guide d’onde (1) de se propager
intégralement dans les entailles.

Structure (9) selon I'une quelconque des revendica-
tions 7 & 10, dans laquelle le guide d’'onde (1) com-
prend un substrat (2), une premiére région de revé-
tement (6), un coeur (4), une deuxiéme région de
revétement (3) et une aréte (5).

Structure (9) selon les revendications 6 et 11, dans
laquelle les entailles ont une profondeur prévue pour
inciser le guide d’onde (1) vers le haut jusqu’a la
deuxieme région de revétement (3).

Structure (9) selon la revendication 12, dans laquelle
les entailles ont une profondeur prévue pour inciser
au moins partiellement aussi le substrat (2).

Structure (9) selon I'une quelconque des revendica-
tions 1 & 13, dans laquelle, dans un processus pa-
ramétrique dans lequel un rayonnement de pompa-
ge a la fréquence 0, = 20 interagit avec un rayon-
nement de signal alafréquence wg, avec o, = w+Aw,
pour produire un rayonnement & la fréquence
avec oy = m, - g = W-Aw,

(el

-n1, n2, n3, n4, L1, L2, L3, L4 sont choisis de
telle maniére que la structure cristalline photo-
nique (9) a

* une bande interdite d’'ordre M, au voisi-
nage de la fréquence 2, et une bande in-
terdite d’ordre M, au voisinage de la fré-
quence w telles que la relation suivante est
satisfaite : My, = 2Mo + 1, ol My, et M
sont deux entiers ; et

* une bande de transmission avec un j,° pic
de transmission a la fréquence o de sorte
que la relation suivante est satisfaite : j, =
(N£1)/2, ou j, est un entier compris entre
1 et N-1 et N est le nombre de cellules uni-
taires (15) ;

(0]

- le nombre N de cellules unitaires (15) est un
nombre impair; et
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-le nombre N de cellules unitaires (15) est choisi
detelle maniére que 'espacement en fréquence
entre les pics de transmission adjacents d’une
bande de transmission de la structure cristalline
photonique périodique (9) est substantiellement
égal a Aw.

Structure (9) selon 'une quelconque des revendica-
tions 1 & 13, dans laquelle, dans un processus pa-
ramétrique dans lequel un rayonnement de pompa-
ge a la fréquence 0p =20 interagit avec un rayon-
nement de signal a la fréquence o, avec wg = w+A®,
pour produire un rayonnement a la fréquence 0y,
avec wy = W, - 0 = 0-Aw,

-n1, n2, n3, n4, L1, L2, L3, L4 sont choisis de

telle maniere que la structure cristalline photo-

nique substantiellement périodique (9) a

* une bande interdite d’ordre M, au voisi-
nage de la fréquence 2w et une bande in-
terdite d’'ordre M, au voisinage de la fré-
quence o telles que la relation suivante est
satisfaite : M, = 2Mw, ol M, , et Mo sont
deux entiers ; et

* une bande de transmission avec un j,© pic
de transmission a la fréquence o et une
bande de transmission avec un j,,® pic de
transmission & lafréquence 2w de sorte que
la relation suivante est satisfaite : j,, = 2j,,,
ol j, et jo,, sont des entiers compris entre
1 et N-1 et N est le nombre de cellules uni-
taires (15), et

-le nombre N de cellules unitaires (15) est choisi
detelle maniére que I'espacement en fréguence
entre les pics de transmission adjacents d’une
bande de transmission de |a structure cristalline
photonique périodique (9) est substantiellement
égal a Aow.

Structure (9) selon 'une quelconque des revendica-
tions 7 a 13, dans laquelle l'indice de réfraction n1
est I'indice de réfraction effectif du guide d’onde (1).

Dispositif optique (10) pour exécuter un processus
paramétrique selon lequel un rayonnement de pom-
page a lafréquence oy produit un rayonnement & la
fréquence w, interagissant avec au moins un rayon-
nement de signal a la fréquence wg comprenant:

- une structure cristalline photonique périodique
unidimensionnelle (9) selon 'une quelconque
des revendications 1 & 16, dans laquelle n1, n2,
n3, n4, L1, L2, L3, L4 sont choisis de fagon &
exécuter le processus paramétrique dans des
conditions d’accord de phase ;

- un premier moyen pour envoyer ledit au moins
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un rayonnement de signal & la fréquence oy le
long de ladite structure périodique (9) ;

- un deuxiéme moyen pour fournir ledit rayon-
nement de pompage a la fréquence o, a ladite
structure périodique (9) ;

- un moyen de sortie approprié pour laisser ledit
rayonnement produit a la fréquence 0y sortir de
la structure périodique (9).

Dispositif (10) selon la revendication 17, comprenant
de plus une source de pompage appropriée pour
fournir un rayonnement de pompage a la fréquence
0y a la structure cristalline photonique périodique

Q).

Dispositif (10) selon la revendication 18, dans lequel
la source de pompage est accordable.

Dispositif (10) selon la revendication 18, dans lequel
la structure cristalline photonique est selon la reven-
dication 7 et dans lequel la source de pompage et
le guide d’onde (1) sont intégrés dans un méme
substrat (2).

Ligne de communication optique (23) comprenant
une longueur de fibre de transmission optique (25)
pourtransmettre aumoins un rayonnement de signal
a la fréquence oy et un dispositif optique (10) selon
I'une quelconque des revendications 17 & 20, con-
necté a ladite longueur de fibre optique (25), pour
exécuter un processus paramétrique selon lequel un
rayonnement de pompage & la fréquence w,, produit
un rayonnement a la fréquence wy interagissant
avec ledit au moins un rayonnement de signal a la
fréquence .
Systétme de communication
comprenant :

optiqgue  (20)

- une station émettrice (22) pourfournirau moins
un rayonnement de signal & la fréquence oy ;

- une ligne de communication optique (23), con-
nectée a ladite station émettrice (22), pourtrans-
mettre ledit au moins un rayonnement de signal;
- une station réceptrice connectée a ladite ligne
de communication optique (23);

- un dispositif optique (10) selon 'une quelcon-
que des revendications 17 & 20 pour exécuter
un processus paramétrique selon lequel un
rayonnement de pompage a la fréquence w,
produit un rayonnement a la fréquence o, inte-
ragissant avec ledit au moins rayonnement de
signal a la fréquence .

Systéme de communication optique (20) selon la re-
vendication 22, dans lequel ladite station émettrice
(22) est apte a fournir n signaux optiques, ol n est
un entier supérieur a 1, ayant des fréquences gy,
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0gp... O, différentes les unes des autres, pour les
multiplexer en longueur d’onde en un seul signal op-
tique de multiplexage par répartition en longueur
d’onde et pour envoyer ledit signal optique sur la
ligne de communication optique (23).

Procédé de production, a I'aide d’un processus pa-
ramétrique, d’un rayonnement a la fréquence w4 par
linteraction d’un rayonnement de pompage a la fré-
quence w, avec au moins un rayonnement de signal
alafréquence o, comprenant les étapes consistant
a:

a) fournir les rayonnements aux fréquences g
et w, dans une structure cristalline photonique
périodique (9) selon I'une quelconque des re-
vendications 1 a 16, ou n1, n2, n3, n4, L1, L2,
L3, L4 ont des valeurs prévues pour exécuter le
processus paramétrique dans des conditions
d’accord de phase ;

b) fournir le rayonnement a la fréquence g, pro-
duit dans ladite structure (9), a une sortie.
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