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Abstract: We propose a time-dependent, spatially periodic photonic
structure which is able to shift the carrier frequency of atiaal pulse
which propagates through it. Taking advantage of the sl@ugrelocity of
light in periodic photonic structures, the wavelength easion process can
be performed with an efficiency close to 1 and without affegtihe shape
and the coherence of the pulse. Quantitative Finite DiffeeeTime Domain
simulations are performed for realistic systems with @dtjgarameters of
conventional silicon technology.
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1. Introduction

Techniques for flexible and efficient all-optical waveldngbnversion play a central role in
many signal processing and telecommunication applicafibj Some among the most promis-
ing techniques are based on nonlinear wave-mixing eff@¢t®f on optical gating techniques
such as cross-gain and/or phase modulation [3]. Unforélyaboth these approaches have
severe limitations concerning the tunability range of timalffrequency, the efficiency of the
conversion process, and preservation of the full ampliamephase information.

Dynamical photonic structures, where the optical constafthe medium are modulated
while the light is propagating inside it, have been recemtyoduced and are now attracting
a great deal of interest from both the theoretical and erpertal side (for a review, see e.g.
[4]). Structures of this kind open up an intriguing reseaaoba in view of stopping, storing,
and manipulating optical information [5, 6, 7].

In the present paper a possible solution to the wavelengitiecsion problem is proposed
which makes use of a dynamical photonic structure. The phdtspersion is dynamically
changed by simply changing the refractive index of the stinecwhile the optical pulse is
propagating across it, which results in an almost lossladscantinuously tunable shift of the
photon energy without affecting the pulse shape nor thereoice. This aspect is emphasized
by referring to it agphoton energy lifter

2. Basicprinciple: frequency lift in homogeneous media

It is a simple consequence of translational invariance tti@tvavevectok of an electromag-
netic wave propagating in a homogeneous and non-absorkalegtlic with a time-dependent
refractive indexn(t) is a conserved quantity. As the frequency is related to theewetor and
the refractive index by = £k, wherec s the velocity of light in vacuum, a change of refractive
index bydn results in a change of the frequency of a plane wave by

ow on ~on 0

‘W np+on  ng

This effect can be used in a photonic device to shift the eafrequency of a wave-packet
(light pulse), without dramatically affecting the pulseple. The optical linearity of the medium
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guarantees that the differelkicomponents are decoupled, so that the pulse shape isy@dser
in both the real and thie-space. In practice, one needs to trigger the refractivexistiift once
the pulse has entered the medium and to complete it befoqgulbe starts exiting, so that the
index change occurs while the mediuml@sded with optical energy and propagation really
occurs through a time-dependent device. Otherwise, thexiobdange would simply result in
a mere modification of the transmission spectra of the deasgdéhappens in any pump-probe
experiment [8]. Note that the energy required for the freqyechange is provided by the work
done while changing the refractive index of the medium.

Unfortunately, the experimental implementation of thisads very demanding for available
technology. As the travel tim&ae = L /vy Of the pulse across the structure must be longer
than the pulse duratioryy s plus the switching times,, the device length has to be longer
thanLmin = Vg(Tpuse + Tsw). FOr realistic values ofy s and sy of the order of a few tens of
picoseconds, and group velocitiggof the order of a significant fraction @f Ly, can be as
long as some millimeters. Such a length it is undesirabl@énperspective of miniaturization
and integration.

3. Single-cavity lifter

A simple way of increasing the travel time across the stmacisito use an optical microcav-
ity [9, 10] to store the electromagnetic energy while chagdhe index. In this time-dependent
optical microcavity approach, a possible procedure ta shé frequency is the following: a)
injection of electromagnetic energy in the cavity; b) shifthe resonance frequency, e.g. by a
change of refractive index; c) release of the frequenciteshelectromagnetic energy. This idea
has been recently discussed in [11], but the pulse injegtioness and the shape of the output
pulse have not been addressed in full detail. To quantitigtimnderstand the pros and the cons
of the single-cavity configuration, Finite Difference TirB®main (FDTD) simulations have
been performed to fully describe the propagation of a lighs@ through a singla /2 time-
dependent cavity. The results are summarized in Fig. 1 fas@ibuted Bragg Reflector (DBR)
cavity.

The microcavity is a fundamentally different solution wittspect to the case of a homoge-
neous medium discussed in the previous section: light isdhihjected in a localized state,
and a fundamental trade-off in the trapping capability ltabe pointed out. On one hand, a
high quality factorQ is required in order to have a long storage time once theycheis been
charged. This gives in fact longer time to apply the freqyestuft before the optical energy
is released, thus adding practical flexibility to the devioplementation. On the other hand, a
high quality factor means a very narrow bandwidth. This idagirable for optical pulse pro-
cessing, because the energy transfer between the incitkengficg wave and the cavity itself is
limited to this frequency window. This results in low effio®y in the cavity charging, as well
as in a strong distortion of the pulse shape, as shown in Fignless the pulse duration is much
longer than the storage time, the energy exits in fact froencdvity as a slow, exponentially
decaying wave, according to the characteristic Lorentiigming of the cavity, and the output
peak intensity is lower than the input one by almost 2 ordémsagnitude.

Two additional undesirable features are also visible in Eid-irst, the light exits also from
the input side. This appears in the figure as a change of si§owifting vector at input side
(dashed line) at time=30 ps. As implied by the symmetry of the structure, energysekom
both sides with the same amplitude (in the figure, this isiglyrthidden by the 30 times mag-
nification). Second, a fraction of the stored energy unaldigexits before the index shift (this
feature is recognizable in the spectrum, as the solid burh)p%0.25 nm).

The comparison between the homogenous medium and the sangtg enlightens the path
towards a solution which combines the respective advast#gkarger bandwidth than the one
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Fig. 1. Finite difference Time Domain (FDTD) simulation of the frequertft 0 a sample
time-dependent single Fabry-Perot microcavity. The simulated cagggnant at vacuum
wavelengthA =1550.25 nm, consists in &/2 layer (thickness = 388 nm with refractive
index = 2) sandwiched between two 8.5-period Distributed Bragg Refedabricated by
alternating high refractive index/4 layers (thickness = 129 nm with refractive index =
3) and low refractive index /4 layers (thickness = 194 nm with refractive index = 2). A
Gaussian pulse of duration 20 ps is taken as the input. The dashed (s@idhbws the
amplitude of the Poynting vector at the input (ouput) side versus time. Bl shows the
spectra of respective electric fields (the resolution of the spectrum aiutipet is limited
by the time window of the simulation).

External Coupling Mirror External
Mirror Mirror

Fig. 2. Simplified schematic representation of the CROW structure. Fofisitppve have
represented the external dielectric mirrors with only 4 periods instead, @t the inter-
cavity — coupling — mirrors with only 9 periods instead of 27. Only 2 cavitieteaus of 45
have been shown. Light travels in the positive x direction.

provided by the single microcavity is needed for the apfilices, but without sacrificing the
light trapping ability of optical microcavities. We achethis goal by resorting to coupled
microcavities.

4. Coupled Resonator Optical Waveguide (CROW) lifter

Various photonic systems have been recently investigatéuter the group velocity of light.
Line-defect photonic crystals [12] and coupled resonajical waveguides (CROW) [13, 14,
15] are among the most promising ones.

Here we focus our attention on the case of a CROW structueegsetch in Fig.2), i.e. a
spatially periodic many-cavity system, in which the degang of the single cavity modes is
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lifted by the coupling between neighboring cavities via finge transmittivity of the mirrors.
As in the previous section the mirrors are always assumditedaby DBRs. As a result, a
miniband is created (left and central panels of Fig.3), veltispersion law in the weak coupling
limit (for the general expression, see, e.g., [16]) has thenf

(k) = [w—Jcogke)], )

The miniband is centered at the single cavity frequan@nd its width is given by the coupling
J between neighboring cavities, which is proportional totilmeneling amplitude through the
mirror [17]. Here,? is is the CROW period and the quasi-wavevedtds defined modulo
integer multiples of the reciprocal lattice vectarr/Z. As a consequence of the strong light
localization in the cavity modes (Fig. 3), the group velpé#t orders of magnitude lower than
the one associated to the average refractive index of thetste.

A spatially uniform & is the spatial coordinate along the structure) relativengkeof the
refractive index of the form:

n(x) = (1+ &) no(x) 3)
results in a frequency shift of the miniband:
_ an(k)
we (k) =77 (4)

Provided the electromagnetic field dynamics is limited t hiniband states only (adiabatic
regime) [18], a variation in time of the refractive index bétform (3) implies a coherent fre-
quency shift of the whole wavepacket according to (4), in g ar@alogous to the homogeneous
case. The adiabatic requirement implies that the tuning tgmbe much larger than the inverse
of the minimum frequency separatiofiiQ between the miniband state and the nearest pho-
tonic state with the same symmetry, i.e. the same quasiveaterk. In Fig. 3, /AQ can be
seen to be on the order ofl0ps. In semiconductors, the refractive indegan be modulated,
e.g., by changing the free carrier density [19]. In parteuin Si, relative index modulation of
the order of~ 10~ has been recently demonstrated in the GHz range [20, 21].

In the finite CROW system, the impedances can be carefullgimedtat the input and output
interfaces, so that the central part of the miniband comedg to a frequency window in which
the transmittivity is flat and almost unity (right panel o§R). If the incident pulse (dotted line
in right panel) fits in this spectral region, the pulse cangbeate into the photonic structure and
then travel across it. As the miniband dispersion (centalep) is almost linear in this region,
no broadening nor distortion of the pulse shape occurs gymiapagation. As the miniband is
rigidly shifted by the index change, no distortion occursitiy lifting.

Quantitatively, the fact that the pulse has to be containgtlé central part of the miniband
imposes a lower limit to the pulse duratiag,s > 1/J. For the parameters of the figure,
1/J ~ 1 ps. As the travel time;ave depends on the group velocity [22], a strong reduction of
vg With respect ta implies a much looser lower bourigh, on the system lengthin order for
the refractive index modulation to be performed while thiseis contained in the structure.

5. CROW design and FDTD simulations

Our design is based on a Si corrugated waveguide (see tlehsketig.2). The guide includes
a Si core layer of about 260 nm thickness, sandwiched bet8#&ncladding layers. The in-
dex contrast between the two materials assures light canéntin the Si core. The photonic
structure is realized by modulating the thickness of thdaki. S he design consists in 45 Fabry
Perot mi- crocavities, coupled by 27-period DBRs. The DBR® eavities are constituted by
quarter- and half-wavelength layers, respectively, arccantered atg = 1550 nm. The mod-
ulation of the Si core thickness is designed to achieve ‘f@fundamental transverse mode —
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Fig. 3. Left panel: band structure of the 1D model of the CROW struathiogvn in Fig.2.
The arrows indicate the frequency separatidd between the miniband and the nearest
photonic states with the sanke Central panel: enlarged view of miniband. Right panel:
trasmission spectrum and spectral shape of the signal pulse. This lattersisn to fit in
the region of the spectrum where the dispersion is linear and the transmisifiay and
almost unity. Vertical axes have all the same (dimensionless) unit. Facthal parameters
see text.

the effective index values, = 3, ng = 2.426 andnc = 2.688, respectively, for the high-index
layer (A) of the DBRs, the low-index layer (B) of the DBRs, ati@ cavity layer C. These
effective parameters of have been used in the 1D FDTD siuakbf Figs.3 and 4.

The time dependence of the structure consists of a refeagiidex change of the Si core
originating due to the presence of optically or electricaljected carriers. In the simulations,
this is modelled as a spatially homogeneous relative sftift= dn(x,t) /no(X) of the refractive
index of each layer, triggered after the injection of thespuhnd completed before the pulse
exits. For simplicity, a linear time dependencef) has been considered. The number of cav-
ities has been determined by the constrain that the pulsebeuntained inside the structure
during the time required for the index switch, assumed toe< The final device length is
about 37Qum. A slower switching time would simply imply a proportiohahigher number of
cavities and a correspondigly longer structure. Note thettinimum tuning timeg, for being
adiabatic is, for our parameters, of the order df fs, i.e. orders of magnitude shorter than the
switching time of most existing materials. A vald@/ng = —3 x 10~* has been used for the
relative refractive index shift that can be induced e.g.fi@ating free carriers in the Si material
either electrically [20] or optically by means of an extradaat shorter wavelength [21]. In
the former case, the needed electrical energy to createduired carrier density in the whole
volume of the structure is of the order of some nJ, whereasdndtter case, the need optical
energy turns out to be the order of some 100 pJ.

The results of the FDTD simulation of the pulse propagatiereported in Fig. 4. The pulse
delay is 116 ps, i.e. a facter 35 larger than what expected in a homogeneous structuretveith
same length and same average refractive index. The dstartithe input pulse is negligible
and the efficiency of conversion is larger than 95%. The tegubacuum wavelength shift
2mc/dw = —0A ~ —0.49 nm perfectly matches the expected vadie/Ag ~ |dn/np| = 3 x
10~4. This simple scaling law anticipates that a much wider tgriange is possible, just by

1Optical path imperfections of the cavities can result in apsihg of the miniband (breaking the spectrum symmetry
against the central frequency). The latter can result irragmce of small transmission bumps at the miniband edges
which can lead to a distorted or oscillatory pulse outputhsa problem however is not too severe, provided that the
input pulse fits into the flatter part of the miniband.[23]
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Fig. 4. FDTD simulation of the envelope of Poynting vectors at the inputhea line,
positive entering) and output boundary (solid line, positive exiting) otthepled-cavities
structure. Input and output boundaries are defined in Figure 2. &ftective index of all
the layers is time-dependent, as shown by the right y-axis. Upper tifesiscalative to the
delay (rp) in a homogeneous medium with the average refractive index of therlibhsre.

The inset shows the spectra of the input and output pulse electric fields.
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resorting e.g. to electro-optic materials like LiNp{4] for which dn/ng can be as high as
1072 or larger.

Even though the FDTD simulation is performed on 1D time-aeleat structure, the results
are essentially applicable also to the quasi-1D slab waslegiructure of Fig. 2. This can be
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demonstrated by a full (time independent) 2D simulationtfer slab waveguide, performed
using an eigenmode expansion method [25]. We assume aalayimmetric (the/-direction)
architecture, as sketched in Fig. 2. The physical parasefehe integrated device (length and
thickness of the layers) have been chosen in order to maiatgood modal matching between
input/output waveguides, cavities and DBRs. In this wayittsertion losses in the resulting
two dimensional CROW slab device appear to be negligiblhhebrder of 0LdB. In Fig. 5 the
miniband spectra of the slab structure (panel (a)) and thendBel of the CROW (panel (b))
are shown both at the initial time and after the spatially bgemeous relative shift of refractive
index. The close similarity of the two graphs confirms that1b model and the corresponding
1D FDTD simulations provide an accurate description oftligtopagation through the slab
waveguide system and of the predicted photonic lift effect.

We remark that our 1D and 2D models do not take into accousetrelated to 3D effects,
which might lead to significant degradation in terms of theick efficiency. However, we
expect loss optimization to be more effective in quasi-IDcttires (which is the case discussed
here) than in quasi-2D structures. [26]

6. Travelling wavedesign

Up to now the basic idea of the photon energy lifter was basethe hypothesis that the
refractive index can be changed at the same time in the wihialetsre while the pulse is
travelling across it. Another possible scheme, which carpkfy the experimental realization
is what can be called a travelling-wave design [27]. In tlibesne, the electrical field for
the electro-optic effect is not applied simultaneouslyhe whole device, but is injected as a
microwave from one end of the electrode pair. Electrodekwsra transmission line. In this
design, the electrode capacitance, being distributed; doEimit the modulator speed, and the
electrodes can be made very long.

Since the photonic structure under study is designeagtical wavelengths, it behaves as
a homogeneous medium at microwaves. Therefore, it is eggebiat the group velocity at
microwaves is determined by the average refractive indgy, of the structure and thus it
is much higher than the group velocity of the optical pulserdbver, the optical wavelength
A ~1.55um being much shorter than the thickness of the microwaveniseL,is, the optical
pulse sees an almost translationally invariant system avitme-dependent refractive index.

In order to verify that no spurious effet occur at the micregv&ront, we have performed 1D
FDTD simulations for the coupled microwave and optical paldn the FDTD simulations, we
assume a conservative valuerpf,=3 for the effective refractive index of the mixed Si/SiO
structure at microwaves: the optical group veloaigyin our structure is therefore lower than
the microwave group velocitg/n,y by over an order of magnitude. The microwave driver
signal is taken as a smooth functioh(1 — exp(—t /1)) with 7-! = 100GHz, long enough for
Lijse =C/T=3- 103m > A. The microwave is sent into the structure with a 35 ps delay
from the input light signal, i.e., when the injection of thght signal is essentially completed
(Fig. 4). Sample electric field snapshots resulting fromadbmbined optical and microwave
simulations are reported in Fig. 6, where an instantaneggigonse of the refractive index to
the microwave amplitude has been assumed. The results tbtreling-wave simulation are
not distinguishable from the results of Fig. 4, which vesftbe effectiveness of this second
travelling wave scheme to shift the pulse carrier frequency

7. Conclusions

We have proposed a novel photonic device which is able td steéfcarrier frequency of an
optical pulse without affecting its shape nor its coherefi¢e efficiency of the process is not
affected by any fundamental effect, and has been shown bgimulations to be close to one.
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Fig. 6. (color online) Successive snapshots of the electric field of theabpvave and of
the index-driving microwave at 37, 56 and 75 ps. The differently ealcelectric fields
have an illustrative scope and refer to a blueshift of the input pulselerayt. The struc-
ture of the pulse electric field reflects the coupled cavity structure (maxientbeated in
correspondence @ layers.

The relative frequency shift is equal to the relative refr@cindex change in the material and
can therefore be tuned in a continuous way. All these featsuggest that our scheme may
have a significant impact on applications which requireglical transmission and processing
of classical and even quantum information.
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