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Abstract—Due to the recent interest in nanoparticles for both
new functionalities and health-and-environment risks-related par-
ticle emissions of vehicles and industries, integrated-photonic
single-particle sensors are urgently required. Exceptional surfaces
(ESs) have been demonstrated to enhance the sensitivity of op-
tical sensors and particle sensing is one of the most promising
applications of ESs. The aim of this work is to show an ES-based
architecture suitable for sensing the presence of nanoparticles
with the aid of particle trapping allowed by optical forces. The
solution proposed here enables the particle sensing with a passive
architecture on an SOI chip. In this work it is shown that an SOI
slot-waveguide-based ring-resonator architecture can be used for
sub-50 nm single-particle sensing. Moreover, with a thermo-optic
modulator we demonstrate that it is possible to measure the size of
the particle, independently of its position along the ring resonator,
with robustness to parameter fluctuations and noise.

Index Terms—Exceptional point, exceptional surface, non-
hermitian photonics, particle sensor, silicon on insulator, slot
waveguides.

I. INTRODUCTION

THE possibility of detecting and sizing single nanoparti-
cles, with high resolution is essential to understand the

behavior of particles and their size-dependent properties in order
to develop new functionalities and new products [1]. With the
recent advances in nanotechnology, different sizes and different
materials have been used to synthesize nanoparticles for several
applications [2], [3]. At the same time, nanoparticles generated
by vehicles and industry have become sources of potential
hazards for health and the environment [4], [5].

Although microscopy and spectroscopy have been used for
single nanoparticle detection, their expensive and bulky instru-
mentation, together with the long processing times and the
need for labelling, have prevented their widespread use [1]. The
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miniaturization of label-free particle sensing could represent a
good alternative to microscopy and spectroscopy for the realiza-
tion of compact and portable devices.

The integration of the photonic devices for particle sensing
has been widely investigated in literature with microtoroids in
Silica. Silica microtoroids are particularly useful for particle
sensing, thanks to the low refractive index contrast between
silica and air: the strong light–matter interactions in whispering-
gallery-mode (WGM) microresonators [6], [7] can be used for
ultrasensitive optical detection. The detection of the influenza
virus and other biomolecules has been demonstrated in [8]–[11]
using the frequency shift of a WGM due to the presence of
targets onto the resonator surface and in [1] the mode splitting
into of a WGM in a Silica microtoroid has been used to detect
particles. Moreover, recently, Silica microtoroids have been
used together with the architectures of non-Hermitian photonics
to enhance the sensitivity of particle sensors [12], [13]. In
this context, the first exceptional-surface-(ES) enhanced single-
particle sensor was proposed in [14]. In [15], the first experi-
mental validation of an ES-enhanced particle sensor has been
published.

Differently from Silica, due to the high refractive index con-
trast of Silicon with air and to the consequent high confinement
of light in Silicon cores, Silicon-On-Insulator (SOI) integrated
strip or rib waveguides are not well suited for particle sensing.
However, slot waveguides can be designed in SOI for enhancing
the interaction of light with particles [16], [17]. In particular, in
[18] an SOI slot-waveguide-based gold particle-sensing princi-
ple is proposed, simultaneously exploiting the optical trapping
enhanced by optical resonance.

In a similar way, in this work we exploit the concept of
slot waveguides arranged as an optical resonator both for trap-
ping and for sensing and we simultaneously implement the
concept of ESs of non-Hermitian photonics for enhancing the
nanoparticle sensitivity. The advantages of the proposed solution
would enable sensing of sub-50-nm particles with integrated SOI
waveguides. This solution would make possible the realization
of a fully integrated version of particle sensing, with laser
bonding and direct excitation of the sensing region, without
the need of external microfibers (as instead needed in Silica
microtoroids). In this perspective, the complete miniaturization
of the particle sensor could be achieved via a full integration.
Moreover, with respect to the solution proposed in [14], the trap-
assisted sensing enhanced by slot waveguides in this work will
enable the trapping of particles for air monitoring applications.
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Fig. 1. Architecture of the ES particle sensor in the SOI platform, comprised of a ring resonator (realized with slot waveguides), two strip-slot converters, a
Bragg grating reflector and a thermo-optical modulator.

Finally, the use of a simple thermo-optic modulator will enable
a position-independent reading of the output.

II. EXCEPTIONAL-SURFACE-ENHANCED PARTICLE SENSOR

In this section the design of a nanoparticle sensor designed in
SOI will be shown, with focus on the ES-based sensing and on
the trapping mechanism. The basic idea is to design an optical
resonator based on slot-waveguides to enhance both nanoparticle
trapping and sensing. The full device proposed here is sketched
in Fig. 1. In particular, the architecture includes a ring resonator
realized with a slot waveguide, and its feeding bus, realized via
a strip SOI waveguide, directly coupled into a slot waveguide
only in the proximity of the coupling region with the resonator,
in order to improve the coupling efficiency of the feeding bus
with the ring. A Bragg grating is present at the end of the feeding
bus, as is necessary in the ES-based architecture.

As for the optical architecture, we will design a device based
on the concept of the ES that is a more robust way for imple-
menting an exceptional point (EP). The strong spectral response
of EPs of non-Hermitian Hamiltonians has been widely studied,
not only for various kinds of sensing [19]–[24], but also for
other applications as lasing [25], optomechanics [26], [27],
non-reciprocal transmission [28], [29] and others [30]–[32].
However, due to the extraordinary sensitivity exhibited by EPs
and to the highly critical design conditions required by EPs, even
small unwanted external perturbations heavily influence the EP
condition. This is the reason why some recent research works
[33], [34] have pointed out the non-extraordinary performance of
EP-based sensors. In particular, the high sensitivity of EPs to sev-
eral different design parameters increases at the same time both
the signal (eigenfrequency splitting) and the noise, leading to an
intrinsic bound on the signal-to-noise ratio [33]. Moreover, the
usual need for gain and loss for setting an EP, makes the influence
of noise unavoidable. To overcome this limitation, the concept of
ES has been introduced in optics [14], a technique that exploits
the unidirectional coupling between two counterpropagating

Fig. 2. Exceptional surface-based configuration illustrating schematically two
waveguided modes within one microring resonator.

modes in the same cavity to make the system immune to all the
sources of noise. By coupling two counterpropagating optical
modes in a single resonant cavity, it is possible to make the sensor
immune to all the differential perturbations that could affect two
distinct cavities; and it is possible to combine robustness with
the well-known high sensitivity of EPs for sensing applications
[35]. The principle behind the ES is shown in Fig. 2: at the rest
condition, only the counterclockwise (CCW) mode is coupled
to the clockwise (CW) mode (with coupling strength κ1). In
this case, the perturbation to be sensed is represented by the
coupling strength κ2 between the CW and the CCW modes. It
is easy to demonstrate that the eigenfrequency splitting between
the eigenmodes of this system is proportional to (κ1κ2)

1/2 [35].
Since in this case κ2 represents the perturbation to be sensed,

the optimal sensitivity of the sensor is obtained when κ2 = 0
(ES condition). So, the system should be designed to have κ2

null in the unperturbed condition.
As demonstrated in [14], the only requirement for setting an

ES-based sensor is the unidirectional coupling between the two
counterpropagating modes in a single cavity: the absence of
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critical design conditions makes ES-based signal robust versus
the influence of noise, with respect to EP-based sensors: this is
in perfect agreement with [33], where nonreciprocity is seen as a
good solution to overcome the bounds in the signal-to-noise ratio
and to enhance the sensitivity of mode-splitting type sensors.

This conceptual design can be implemented with the archi-
tecture in Fig. 1, using a Bragg grating reflector at the end of
the feeding bus. Although the use of Bragg gratings has been
widely investigated to couple counterpropagating modes (CW
and CCWs) in optical resonators [36], [37], in this new config-
uration, the Bragg grating is used to realize the unidirectional
coupling only between the CW and the CCW mode (κ2) for the
enhanced sensitivity at the ES.

The structure in Fig. 1 could be efficiently used to detect
nanoparticles: as soon as a target particle interacts with the field
inside the optical resonator, the backscattered fraction of CW and
CCW propagating modes leads to κ2 �= 0 [14]. The generated
splitting between the eigenfrequencies is proportional to κ

1/2
2

and can be related to the size of the particle [14].
In order to obtain an easy and robust model of the interaction

of the particle with the optical architecture, the Scattering Matrix
Method (SMM) is used here to design the device. The bus-ring
directional coupler and the particle can be modelled with their
scattering matrices as:

Sk =

[
t jk
jk t

]
(1a)

Sp =

[
tp jrp
jrp rp

]
(1b)

where t and jk are the transmission and coupling normalized
amplitudes of the directional coupler, while tp and jrp are the
transmission and reflection normalized amplitudes due to the
particle backscattering.

The light is inputted from the input bus (sin) and the output
can be read from the same bus (sout) with the aid of an optical
circulator (either integrated or external). Physically sout is the
coherent optical interference between the optical signal reflected
by the Bragg waveguide segment and the clockwise optical
signal exiting the ring. The transfer function of the designed
system, sout/sin, can be found to be:

sout

sin
= S2

c

rmt2 − je2jφ1k2rp + e2jφ rm − 2ejφrmttp
e2jφt2 − 2ejφttp + je2jφ2k2rmrp + 1

(2)
where SC is the transmitted amplitude (reciprocal) of the strip-
slot converter,φ12 = 2π

λ
nslL12 (withL1 andL2 shown in Fig. 1,

nsl the effective index of all slotted waveguides, λ the operating
wavelength), φ is equal to φ1 + φ2 and rm is calculated as:

rm = ejφsl SCSmrBSmSCe
jφsl (3)

where φsl = (2π/λ) nslLsl (with Lsl shown in Fig. 1), Sm is the
reciprocal transmitted amplitude of the thermo-optic modulator
in Fig. 1 and rB is the Bragg grating reflected amplitude.

The eigenvalues related to (2) can be found in an implicit form
by setting the denominator equal to zero:

ejφES =
tp
t

± j

√
r2p + jk2rmej(2φ2)rp

t
. (4)

The eigenvalues splitting for very small values of rp (rp �
|k2rm|) is equal to

ΔφES ≈ 2
√

jk2rmej(2φ2)rp (5)

and is proportional to the square root of the particle amplitude
reflection (r1/2p ), representing the advantage of the architecture
[14]. It is immediately clear that the great advantage of this
architecture is that the only condition required by this system
to exhibit an enhanced sensitivity to small perturbations (square
root dependance on rp) is that the rp � |k2rm|. It is immediate
to verify that this condition is not critical and is immediately
realizable for very small particles (target of this sensor), with
respect to the very critical design conditions required by EP-
based sensors [33]. The absence of critical requirements makes
ES-based configuration immune to the sources of noise that
limits the signal-to-noise ratio in EP-based sensors. This has
been possible because of the use of unidirectional coupling as
the key element for sensing [33], as also in [14], [15] and [38].

It is immediately clear from Eq. (5) that a limitation of this
architecture is that the eigenfrequency splitting is dependent on
φ2, which is related to L2. Defining θ as the angular location
of the airborne nanoparticle (having a chemical or biological
nature) along the optical resonator, (θ = 2πL2/(L1 + L2)),
φ2 can be expressed as a function of θ. Consequently, the
phase of the splitting is highly dependent on the position of
the particle along the ring, making the readout quite difficult. In
the next section the results of numerical simulations about the
nanoparticle trapping and sensing will be shown and a method
to solve the problem of the position-dependent reading will be
proposed.

III. NUMERICAL RESULTS

In this section the results of numerical simulations about
trapping and sensing of the particle will be shown and a proposal
to solve the problem of the position-dependent reading will
be developed. In particular, the simulations for the design will
follow this process:

1) numerical simulations for characterizing the optical forces
for particle trapping;

2) numerical evaluation of the amplitude reflection of the
trapped nanoparticles inside the ring resonator;

3) design and simulations of the slot-slot directional coupler
to feed the resonator and of the strip-to-slot waveguide
converter;

4) numerical results about the implemented ES model, to
sense the nanoparticle;

5) numerical simulations of a thermo-optic modulator to
make the particle sensing more robust;

6) analysis of the effects of parameter fluctuations and noise.
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Fig. 3. (a) Schematic of the slot waveguide, indicating the sizes of the Silicon
wires (ww) and of the slot (ws) and the coordinate reference system (b)
Normalized Ex component of the electric field of the TE0 mode of an SOI
slot waveguide in the presence of a 15-nm particle placed at the vertical position
corresponding to the potential well.

A. Nanoparticle Trapping

In order to improve the nanoparticle detection, optical forces
have been exploited to attract the target particle in the proximity
of the ring resonator. With this aim, a slot waveguide-based
resonator has been designed for the ES architecture. Optical
gradient forces and radiation pressure are the two well-known
ways in which light exerts forces. In particular, optical field gra-
dients caused by the evanescent fields of waveguides have been
shown to allow the trapping of small particles [39], [40]. Slot
waveguides represent a better choice than rib or strip waveguides
for particle trapping [39], thanks to the high confinement of light
in the covering medium (air in this example, for airborne particle
trapping). In our design we have chosen a standard SOI wafer
with 220-nm thick Silicon layer and 2-μm thick buried SiO2.
Air has been considered as the cover medium. The cross section
of the designed strip waveguides has a width ww of each Silicon
arm of 225 nm and a slot width, ws, of 100 nm (Fig. 3(a)). This
cross section has been used to evaluate the optical force exerted
on a nanoparticle of different sizes, to evaluate the trapping
position and the necessary power to trap it. The Maxwell stress
tensor [41] has been used to calculate the optical forces on a
spherical nanoparticle with refractive index of 1.5 when varying
the vertical position (yp) and the horizontal position (xp) of its
center (Fig. 3(a)). Several particle radii R were investigated.

Fig. 4. (a) Normalized potential energy U (referenced to the potential energy,
U0, in xp = 0) as a function of the horizontal position xp, for yp = 95 nm (for
input power in the cross sections of the ring resonator of 1 mW). (b) Normalized
potential energy as a function of the vertical position of the particle in the
slot waveguide, for an incident power of 1 mW, for xp = ± (ws/2 −R)
(corresponding to the extreme lateral position for a particle with radius R).

Initially, the horizontal position was set considering the par-
ticle placed in the middle of the slot (xp = 0): the potential
energy (associated with optical forces) has been calculated as a
function of the vertical position yp and a potential well has been
calculated at yp = 95 nm. Then, fixing the vertical position yp =
95 nm, the potential energy has been calculated while varying
the horizontal position xp. It has been demonstrated that for all
the particle sizes, there are two horizontal potential wells (in
xp = ± (ws/2 −R)) that push the particle towards the edges
of the slot. In particular, the results of the potential energy U
(referenced to the potential energy U0, evaluated in xp = 0, and
normalized by kBT , with kB the Boltzmann constant and T the
environmental temperature) are shown in Fig. 4(a) as a function
of the horizontal position xp, for the fixed value yp = 95 nm
(for input power in the cross sections of the ring resonator of 1
mW). As an example, for the particle with radius R = 30 nm,
the potential well is in the position xp =± 20 nm (for which the
surface of the particle is in contact with the edge of the slot).
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Fig. 5. Amplitude reflection coefficient, rp, as a function of the radius of the
particle, when the particle is trapped at the potential well.

Finally, fixing the horizontal position xp = ws /2−R, the
normalized potential energy (referenced to a position yp =
+ ∞) has been calculated by varying the vertical position, yp.
The results in Fig. 4(b) show that there is a potential well at yp
= 92 nm. So, we can conclude that the trapping position for the
particle will be at xp = ±(ws/2−R) and yp = 92 nm.

Thanks to the optical enhancement of optical resonators, it is
possible to strengthen the potential well [18]. In this work the
reflection induced by the interaction between the particle and
the optical mode of the slot waveguide is used as the source for
sensing. For this reason, the amplitude reflection rp induced by
a particle of a radius R has been calculated, when the particle is
placed exactly at the vertical position yp = 92 nm, corresponding
to a potential well.

In this analysis we have neglected the effect of optical forces
along the longitudinal coordinate of the ring resonator. A brief
consideration about this will be found in section III.E.

B. Amplitude Reflection of Trapped Nanoparticle

Once the particle has been trapped inside the slot of the
waveguide of the ring resonator, the amplitude reflection of
the trapped particle (rp) allows the exceptional surface sensing
according to (2). In this context, the slot waveguide is useful, not
only for enhancing particle trapping, but also for increasing the
particle reflection. Fig. 5 shows the amplitude reflection of light
in a slotted waveguide due to the presence of a nanoparticle of
refractive index 1.5 trapped at the potential well (according to
the simulations in Fig. 4(b)).

C. Slot-Slot Directional Coupler and Strip-Slot Direct Coupler

To feed the optical ring resonator, a bus-ring optical direc-
tional coupler is needed. Due to the high difference in prop-
agation constants of light between a slot waveguide and a
strip waveguide, coupling light with a strip waveguide bus to
a slot-waveguide-based ring resonator would be not efficient.
Thus, we designed a slot-slot directional coupler. Hence, we

Fig. 6. (a) Transverse electric field in the strip-slot converter, with indication
of the dimensions of the device. (b) Coupled power fraction between the slot
waveguides of the directional coupler, as a function of the gap G0 between the
edges of the Silicon wires composing the slot waveguide (numerical results have
been obtained with FDTD, with a ring resonator with a circumference of 100
μm).

also needed two identical strip-to-slot waveguide converters to
be used before and after the coupling region.

As for the strip-to-slot converter, Fig. 6(a) shows the elec-
tric field in the strip-slot mode converter, (in particular with
Lc1 = 10μm, Lc2 = 5μm, Lc3 = 10μm, hc= 0.6 μm,
wstr = 0.45 μm). Using a propagator software, a direct power
coupling efficiency of 91.2% has been numerically calculated at
a wavelength of 1.55 μm, with a return loss lower than −65 dB.

Dealing with the bus-to-ring directional coupler, FDTD sim-
ulations have been used to evaluate the coupling ratio (|k|2) as a
function of the gap G0 between the adjacent edges of the slotted
waveguides of the bus and of the ring resonator (Fig. 6(b)).

D. Numerical Results of the ES-Enhanced Sensor

The model of the ES-enhanced particle sensor has been nu-
merically implemented, using the results of the previous para-
graphs. For the simulations, the width of the strip waveguides
is wstr = 450 nm. An effective index of the slot waveguides
of nsl = 1.4244 and an effective index of the strip waveg-
uides nst = 2.2730 have been numerically calculated. The total
lengthL of the circumference of the resonator has been set to 100
μm, leading to a central resonant wavelength λ0 = 1548.24 nm.
The length Lsl in Fig. 1 is equal to 20 μm and a propagation



6026 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 40, NO. 17, SEPTEMBER 1, 2022

Fig. 7. Transfer function |sout/sin|2 as a function of the wavelength, for
different values of the radius of the trapped particle, at an angular position
L1 = L10 = 25.097 μm (corresponding to θ = θ0 = 90.35°) along the res-
onator.

loss of 9 dB/cm has been considered for slot waveguides, for
a conservative design. A value of k of the slot-slot directional
coupler of 0.16 (|k|2= 2.56%) has been chosen, leading to a gap
G0 between the adjacent edges of the slot waveguides of 1555
nm (according to simulations Fig. 6(b)).

For the Bragg grating, the same model used in [35] has been
adopted. In particular, the Bragg grating has been realized with
a periodic structure made by 450-nm wide and 480-nm wide
strip cross-sections, obtaining a grating coupling coefficient
κ = 1.8741 · 105m−1, with a duty cycle of 50%.

Fig. 7 shows the transfer function |sout/sin|2 as a function of
the wavelength shift with respect to the resonance wavelength,
λ0, of the isolated optical resonator for different sizes of the par-
ticle. The particle has been simulated to be trapped at an angular
position θ0 ≈ 90.35◦, corresponding to a value of L1 equal to
25.097 μm (because this position maximizes the sensitivity).

It is possible to appreciate that the splitting increases with
the radius of the particle, due to an increased backscattered
amplitude (Fig. 7). In particular, for a nanoparticle with radius
R = 20 nm, a splitting Δλ = 29 pm has been obtained, with a
sensitivity d(Δλ)/dR = 2.4 pm/nm.

This sensor chip utilizes a spectroscopic readout where the
readout is triggered by a coherent input light source, such as
a laser diode that has an emission linewidth of 200 pm to
excite the spectrum in the wavelength region of interest. At the
input/output edge of the chip, an optical circulator is used to read
the returned power |sout|2 and then an optical spectrometer with
a resolution of 1 pm is employed to determine the splitting of the
resonance spectrum that is seen in Fig. 7, thereby determining
the radius of the nanoparticle. The spectrometer is not looking
for the absorption lines that give the chemical “signature” of
the particle. Alternatively, a tunable laser source can be used to
scan the transfer function across the wavelengths of interest, in
combination with a photodiode instead of the spectrometer.

Fig. 8. Transfer function |sout/sin|2 as a function of the wavelength shift
(with respect to the central resonant wavelength, λ0) for three values of the
position of the trapped particle (of radius 30 nm) along the ring resonator.

A problem of the proposed architecture is that the spectrum
is highly dependent on the position of the particle θ (and so
on the longitudinal position L1) along the resonator, due to the
dependence of the eigenfrequency splitting on φ2. Fig. 8 shows
the transfer function |sout/sin|2 versus the wavelength shift in
the presence of a trapped nanoparticle with a radius of 30 nm
for longitudinal positions L1 (and the corresponding θ) around
the position of the maximum sensitivity, L10 (for θ = θ0 ). It is
possible to appreciate that for an error on the angular of position
of only 0.155 μm (1/10 of the operating wavelength and around
5.17 times higher than the particle radius) the splitting in the
transfer function is not visible anymore. So, a way to make the
splitting reading independent of the angular position is needed.
For this purpose, in this work we exploited the dependence of the
eigenvalues splitting on rm (5), which in turns depends on Sm

(3). The idea developed here is to use the thermo-optic modulator
to change the phase of Sm and have a way to extract the size of
the nanoparticle independently of its position.

E. Thermo-Optic Modulator for Position-Independent
Reading

In order to extract the dimension of the particle in a position-
independent way, we designed a thermo-optic modulator, to
be realized via the deposition of a thin (50 nm) film of gold
with two electrodes and a resistive connection between them as
in Fig. 9 forming an electrical Joule heater strip. In particular
the dimensions dm = 0.9 μm, Lm= 20 μm, wm = 200 nm,
Hm= 5 μm have been used. By applying a voltage difference
between the two squared electrodes, a temperature increase is
induced in the gold resistor, due to the Joule effect, and in its
proximity. The temperature around the gold resistor has been
evaluated via a 3D simulation of the heat propagation, with the
boundary conditions of a fixed environmental temperature (300
K) at 100 μm above the chip and 100 μm below the interface
between the buried oxide layer and the Silicon substrate. Fig. 10
shows the temperature along the center of the cross-section of
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Fig. 9. Layout of the designed thermo-optic modulator, with two electrodes
and a wire resistor of 50 nm-thick gold.

Fig. 10. Temperature as a function of the horizontal displacement along the
thermo-optic modulator, for different values of the voltage difference applied at
the gold electrodes.

the Silicon strip waveguide for several values of the voltage
difference applied to the electrodes.

Using the thermo-optic coefficient of Silicon [42] and Silica
[43], a value of dneff/dT = 2.2 · 10−4 K−1 has been evaluated
for the strip waveguide for different temperatures. These values
have been useful to obtain the variation of Sm with temperature.
In particular, the length of the simulated devices for the calcula-
tion of Sm is 100 μm (corresponding to the range plotted in the
thermal simulations of Fig. 10).

In this way, the voltage difference across the electrodes could
be used to finely tune the phase of the splitting during the
operation of the sensor, in a feedback configuration. Another
simpler solution that we propose in this work is to vary the
voltage difference across all the values between 0 and 1 V and
calculating the maximum difference between the wavelengths
of all the resonance dips during all these measurements. This
kind of approach has been simulated in Fig. 11, where a par-
ticle of R = 30 nm has been considered (at the longitudinal
position L1 = L10 + 0.155 μm). In this configuration, we need
to estimate the dynamics of the thermo-optic modulator: we
numerically simulated that the designed thermo-optic modulator
has settling time (10% to 90%) of tr= 3 μs, for an input step
voltage of 1 V of amplitude.

In this analysis we have neglected the possible movement
of the particle along θ during sensing since we guess that the

Fig. 11. Transfer function |sout/sin|2 as a function of the wavelength, for
different values of the applied voltage difference, at longitudinal position L1 =
L10 + 0.155 μm.

movement of the particle would make the term ejφ2 in (5) change
much slower than the phase variation we apply to rm with the
thermal tuning of Sm. In case this hypothesis was not verified,
the thermal modulation would be useless, and the movement of
the particle would be sufficient to obtain the effect in Fig. 11(see
(5)).

Finally, with the design proposed here, we cannot in principle
be sure about the presence of only one particle. So, we are
required to track the particles during time, identifying any new
particle as a discontinuity in measured eigenfrequency splitting,
as in [1], with the difference that, in this design, the eigenfre-
quency splitting depends nonlinearly (square root dependence)
on the particle reflection amplitude.

F. Robustness to Parameter Fluctuations and Noise

The design proposed in this paper exploits the concept of ES,
that has been demonstrated to be much more robust than EPs to
fluctuations of parameters [14]. However, we showed that the un-
certainty on the particle positions (and in general any fluctuation
in the phase of the radicand in (5)) can spoil the resolvability and
the sensitivity (Fig. 8). We demonstrated that this problem can
be solved by sweeping the temperature in the feeding bus with an
electro-optic modulator and by reading the maximum difference
(Δλmax) between all the resonant dip wavelengths in the transfer
function, during voltage-induced temperature changes (as in
Fig. 11). A reader could complain about the immunity of ES
to other parameters fluctuations that typically strongly affect
EP-based sensors (i.e., resonance frequency of the resonators
and loss in the resonators). Fig. 12(a) and (b) show the value of
Δλmax (simulated with the sweep of the voltage between 0 V
and 1 V with a step of 0.05 V) as a function of the effective index
(nsl) of the slot waveguides (composing the ring resonator and
part of the feeding bus) and of the loss of the slot waveguides
(α), respectively, for three values of the radius of the particle. So,
it is immediate to notice that the readings aren’t heavily affected
by those parameters of the sensor, even for very high ranges of
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Fig. 12. Maximum difference (Δλmax) between all the resonant dip wave-
lengths in the transfer function, during voltage-induced temperature sweep, as
a function of the effective index of the slot waveguides (a) and of the loss of the
slot waveguides (b), for three values of the radius of the particle.

variations of the fluctuating parameters. Possible variations of
the nondimensional coupling coefficient between the ring and
the feeding bus wouldn’t affect the ES design but would affect
the sensitivity of the sensor according to (5). This demonstrates
that ES is preserved, even with high fluctuations of the design
parameters, thus confirming the superiority of ES with respect
to EP, in accordance with [14].

We also included the main sources of noise that we consider
would affect the performance of the fully passive photonic de-
vice proposed here. We investigated three sources of zero-mean
gaussian intensity noise [44]:

1) Relative Intensity Noise (RIN) that has been considered to
be injected in the system via the input bus (nin, in Fig. 1).

2) Shot Noise (power spectral density ofSsh = 2eIPD, with
e the electron charge, and IPD the photogenerated current)
that affects the photogenerated current at the photodetec-
tor.

3) Johnson Noise (power spectral density of SJ =
4kBTPD/RL, with kB the Boltzmann constant, TPD the
temperature of the photodetector and RL the load resis-
tance of the detector) that also affects the photogenerated
current at the photodetector.

For the noise analysis, we have considered the scan of a tun-
able laser source of 10 dBm with a scanning step of 1 pm, with a
RIN of−130 dB/Hz and with a linewidth negligible with respect
to the scanning step. Then, for the shot noise and the Johnson
noise, we have considered a photoreceiver at a temperature of
TPD = 300K, with a responsivity of 0.5 A/W, a bandwidth of

Fig. 13. Effect of noise on the photocurrent (a) and averaged photocurrent
with ten simulated acquisitions (b), in the same conditions proposed in Fig. 11.

B = 50 GHz (corresponding to approximately 400 pm at 1.55
μm) and a load resistance of RL = 1 kΩ. Fig. 13(a) shows the
effect of the analyzed sources of noise on the photocurrent (in
the same conditions considered in Fig. 11). Since all the noise
sources have a zero mean, averaging several acquisitions leads
to the reduction of the effect of noise: Fig. 13(b) shows the effect
of averaging on ten different simulated acquisitions. It is easy to
appreciate that the system is robust to the three classical sources
of noise analyzed here.

IV. CONCLUSION

In conclusion, we have demonstrated that a high sensitivity
sensor of airborne nanoparticles can be developed in the SOI
platform for detecting the presence of a single nanoparticle with
radii lower than 50 nm. In particular, for a nanoparticle of 20
nm (refractive index of 1.5), a splitting of 22.2 pm has been
obtained, with a sensitivity with respect to the particle radius
of 2.8 pm/nm. Using the ES-approach, we demonstrated that is
possible to sense sub-50 nm particle using SOI waveguides, with
the aid of particle trapping. Moreover, the proposed integrated
photonic circuit is robust against fabrication errors thanks to the
stable properties of the exceptional surface, and the splitting
reading is independent of the position of the particle along
the resonator, thanks to the use of a thermo-optic modulator.
Finally, robustness to three sources of intensity noise has been
demonstrated.
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R. El-Ganainy, “Sensing with exceptional surfaces in order to combine
sensitivity with robustness,” Phys. Rev. Lett., vol. 122, no. 15, 2019,
Art. no. 153902, doi: 10.1103/physrevlett.122.153902.

[15] G. Qin et al., “Experimental realization of sensitivity enhancement and
suppression with exceptional surfaces,” Laser Photon. Rev., vol. 15, no. 5,
2021, Art. no. 2000569, doi: 10.1002/lpor.202000569.

[16] C. A. Barrios, “Optical slot-waveguide based biochemical sensors,” Sen-
sors, vol. 9, no. 6, pp. 4751–4765, 2009, doi: 10.3390/s90604751.

[17] C. A. Barrios et al., “Slot-waveguide biochemical sensor,” Opt. Lett.,
vol. 32, no. 21, pp. 3080–3082, 2007, doi: 10.1364/ol.32.003080.

[18] J. Witzens and M. Hochberg, “Optical detection of target molecule induced
aggregation of nanoparticles by means of high-Q resonators,” Opt. Exp.,
vol. 19, no. 8, pp. 7034–7061, 2011, doi: 10.1364/oe.19.007034.

[19] J. Ren et al., “Ultrasensitive micro-scale parity-time-symmetric ring
laser gyroscope,” Opt. Lett., vol. 42, no. 8, pp. 1556–1559, 2017,
doi: 10.1364/ol.42.001556.

[20] M. De Carlo, F. De Leonardis, and V. Passaro, “Design rules of a mi-
croscale PT-Symmetric optical gyroscope using group IV platform,” J.
Lightw. Technol., vol. 36, no. 16, pp. 3261–3268, 2018, doi: 10.1109/
jlt.2018.2837754.

[21] M. De Carlo, F. De Leonardis, L. Lamberti, and V. Passaro, “High-
sensitivity real-splitting anti-PT-symmetric microscale optical gyro-
scope,” Opt. Lett., vol. 44, no. 16, pp. 3956–3959, 2019, doi: 10.1364/
ol.44.003956.

[22] M. De Carlo, “Exceptional points of parity-time- and anti-parity-time-
symmetric devices for refractive index and absorption-based sensing,” Re-
sults Opt., vol. 2, 2021, Art. no. 100052, doi: 10.1016/j.rio.2020.100052.

[23] W. Li et al., “Real frequency splitting indirectly coupled anti-parity-time
symmetric nanoparticle sensor,” J. Appl. Phys., vol. 128, no. 13, 2020,
Art. no. 134503, doi: 10.1063/5.0020944.

[24] J. Wiersig, “Review of exceptional point-based sensors,” Photon. Res.,
vol. 8, no. 9, 2020, Art. no. 1457, doi: 10.1364/prj.396115.

[25] M. Brandstetter et al., “Reversing the pump dependence of a laser at an
exceptional point,” Nature Commun., vol. 5, no. 1, 2014, Art. no. 4034,
doi: 10.1038/ncomms5034.

[26] W. Li, Y. Jiang, C. Li, and H. Song, “Parity-time-symmetry enhanced
optomechanically-induced-transparency,” Sci. Rep., vol. 6, no. 1, 2016,
Art. no. 31095, doi: 10.1038/srep31095.

[27] M. De Carlo, F. De Leonardis, L. Lamberti, and V. Passaro, “Generalized
modeling of optomechanical forces applied to PT-Symmetric optical mi-
croscale resonators,” J. Lightw. Technol., vol. 37, no. 10, pp. 2178–2184,
2019, doi: 10.1109/jlt.2019.2899486.

[28] B. Peng et al., “Parity–time-symmetric whispering-gallery microcavities,”
Nature Phys., vol. 10, no. 5, pp. 394–398, 2014, doi: 10.1038/nphys2927.

[29] X. Zhang, T. Jiang, and C. Chan, “Dynamically encircling an exceptional
point in anti-parity-time symmetric systems: Asymmetric mode switching
for symmetry-broken modes,” Light: Sci. Appl., vol. 8, no. 1, 2019,
Art. no. 88, doi: 10.1038/s41377-019-0200-8.

[30] H. Benisty et al., “Implementation of PT symmetric devices using plas-
monics: Principle and applications,” Opt. Exp., vol. 19, no. 19, pp. 18004–
18019, 2011, doi: 10.1364/oe.19.018004.

[31] S. Zhang, Z. Yong, Y. Zhang, and S. He, “Parity-time symmetry breaking in
coupled nanobeam cavities,” Sci. Rep., vol. 6, no. 1, 2016, Art. no. 24487,
doi: 10.1038/srep24487.

[32] S. Klaiman, U. Günther, and N. Moiseyev, “Visualization of branch points
in PT-Symmetric waveguides,” Phys. Rev. Lett., vol. 101, no. 8, 2008,
Art. no. 080402, doi: 10.1103/physrevlett.101.080402.

[33] H. Lau and A. Clerk, “Fundamental limits and non-reciprocal approaches
in non-Hermitian quantum sensing,” Nature Commun., vol. 9, no. 1, 2018,
Art. no. 4320, doi: 10.1038/s41467-018-06477-7.

[34] W. Langbein, “No exceptional precision of exceptional-point sensors,”
Phys. Rev. A, vol. 98, no. 2, 2018, Art. no. 023805, doi: 10.1103/phys-
reva.98.023805.

[35] M. De Carlo, F. De Leonardis, R. Soref, and V. Passaro, “De-
sign of an exceptional-surface-enhanced silicon-on-insulator optical ac-
celerometer,” J. Lightw. Technol., vol. 39, no. 18, pp. 5954–5961, 2021,
doi: 10.1109/jlt.2021.3091333.

[36] C. Campanella, M. De Carlo, A. Cuccovillo, F. De Leonardis, and V.
M. N. Passaro, “Methane gas photonic sensor based on resonant coupled
cavities,” Sensors, vol. 19, no. 23, 2019, Art. no. 5171, doi: 10.3390/
s19235171.

[37] C. Campanella, M. De Carlo, A. Cuccovillo, and V. Passaro, “Loss-
induced control of light propagation direction in passive linear cou-
pled optical cavities,” Photon. Res., vol. 6, no. 6, 2018, Art. no. 525,
doi: 10.1364/prj.6.000525.

[38] S. Jiang et al., “Enhanced nanoparticle sensing by mode intensity in a
non-reciprocally coupled microcavity,” J. Appl. Phys., vol. 131, no. 10,
2022, Art. no. 103106, doi: 10.1063/5.0082364.

[39] A. Yang, S. Moore, B. Schmidt, M. Klug, M. Lipson, and D. Erick-
son, “Optical manipulation of nanoparticles and biomolecules in sub-
wavelength slot waveguides,” Nature, vol. 457, no. 7225, pp. 71–75, 2009,
doi: 10.1038/nature07593.

[40] J. Hole, J. Wilkinson, K. Grujic, and O. Hellesø, “Velocity distribution of
gold nanoparticles trapped on an optical waveguide,” Opt. Exp., vol. 13,
no. 10, pp. 3896–3901, 2005, doi: 10.1364/opex.13.003896.

[41] D. Griffiths, Introduction to Electrodynamics. San Francisco, CA, USA:
Pearson, 2008.

[42] J. Komma, C. Schwarz, G. Hofmann, D. Heinert, and R. Nawrodt,
“Thermo-optic coefficient of silicon at 1550 nm and cryogenic tem-
peratures,” Appl. Phys. Lett., vol. 101, no. 4, 2012, Art. no. 041905,
doi: 10.1063/1.4738989.

[43] T. Toyoda and M. Yabe, “The temperature dependence of the refractive
indices of fused silica and crystal quartz,” J. Phys. D: Appl. Phys., vol. 16,
no. 5, pp. L97–L100, 1983, doi: 10.1088/0022-3727/16/5/002.

[44] X. Zhou, L. Zhang, and W. Pang, “Performance and noise analysis of
optical microresonator-based biochemical sensors using intensity detec-
tion,” Opt. Exp., vol. 24, no. 16, pp. 18197–18208, 2016, doi: 10.1364/
oe.24.018197.

https://dx.doi.org/10.1038/nphoton.2009.237
https://dx.doi.org/10.1038/353737a0
https://dx.doi.org/10.1038/nbt927
https://dx.doi.org/10.1186/1477-3155-2-12
https://dx.doi.org/10.1038/nbt875.
https://dx.doi.org/10.1038/nature01939
https://dx.doi.org/10.1038/nature01371
https://dx.doi.org/10.1038/nmeth.1221
https://dx.doi.org/10.1126/science.1145002
https://dx.doi.org/10.1073/pnas.0808988106
https://dx.doi.org/10.1364/penalty -@M ol.31.001319
https://dx.doi.org/10.1364/penalty -@M ol.31.001319
https://dx.doi.org/10.1103/physrevlett.112.203901
https://dx.doi.org/10.1109/jphot.2020.3030702
https://dx.doi.org/10.1103/physrevlett.122.153902
https://dx.doi.org/10.1002/lpor.202000569
https://dx.doi.org/10.3390/s90604751
https://dx.doi.org/10.1364/ol.32.003080
https://dx.doi.org/10.1364/oe.19.007034
https://dx.doi.org/10.1364/ol.42.001556
https://dx.doi.org/10.1109/penalty -@M jlt.2018.2837754
https://dx.doi.org/10.1109/penalty -@M jlt.2018.2837754
https://dx.doi.org/10.1364/penalty -@M ol.44.003956
https://dx.doi.org/10.1364/penalty -@M ol.44.003956
https://dx.doi.org/10.1016/j.rio.2020.100052
https://dx.doi.org/10.1063/5.0020944
https://dx.doi.org/10.1364/prj.396115
https://dx.doi.org/10.1038/ncomms5034
https://dx.doi.org/10.1038/srep31095
https://dx.doi.org/10.1109/jlt.2019.2899486
https://dx.doi.org/10.1038/nphys2927
https://dx.doi.org/10.1038/s41377-019-0200-8
https://dx.doi.org/10.1364/oe.19.018004
https://dx.doi.org/10.1038/srep24487
https://dx.doi.org/10.1103/physrevlett.101.080402
https://dx.doi.org/10.1038/s41467-018-06477-7
https://dx.doi.org/10.1103/physreva.98.023805
https://dx.doi.org/10.1103/physreva.98.023805
https://dx.doi.org/10.1109/jlt.2021.3091333
https://dx.doi.org/10.3390/penalty -@M s19235171
https://dx.doi.org/10.3390/penalty -@M s19235171
https://dx.doi.org/10.1364/prj.6.000525
https://dx.doi.org/10.1063/5.0082364
https://dx.doi.org/10.1038/nature07593
https://dx.doi.org/10.1364/opex.13.003896
https://dx.doi.org/10.1063/1.4738989
https://dx.doi.org/10.1088/0022-3727/16/5/002
https://dx.doi.org/10.1364/penalty -@M oe.24.018197
https://dx.doi.org/10.1364/penalty -@M oe.24.018197


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


