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Abstract: In this work, we analyze the effects of the presence of waveguides in a wireless
on-chip optical channel, which act as obstacles for the rays composing the propagating
signal. The analysis has been performed numerically by using the FDTD method, and
the simulation results have been validated by the experimental characterization. This work
focuses on the relationship between the received signal and the position of the obstacles
on the circuit plane in a multilayered channel made of heterogeneous dielectric cladding.
We show how the crossing waveguide perturbates the received power and we provide ad
hoc guidelines for the best topological choices allowing to mitigate losses. Moreover, with a
good agreement between numerical and experimental results, amounting to a variation of
less than 1 dB, we have demonstrated that the effects of this perturbation in real chips can
be predicted. The results of this analysis, as well as increasing the level of knowledge of
on-chip optical wireless links, allow a better comprehension and control of unbound optical
signals within the optical chip environment.

Index Terms: Optical wireless links, optical wireless network on chips, crossing
waveguides.

1. Introduction

Evolution of computation technology faces various challenges. The intrinsic limits of metallic wires
and the physical limits of scalability hinder in fact the possibility to address the requirements of
higher communication complexities of modern NoCs, both in terms of density and bandwidth
[1]. With the current trend towards Chip Multi-Processors, this issue becomes more prevalent,
and it is evident that a long-term solution requires a paradigm shift [2]. Two popular solutions
to this communication bottleneck are represented by wireless NoCs and optical NoCs. Both
approaches have been extensively investigated in the last decade, each presenting its own
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set of advantages and disadvantages. Optical NoCs have the benefit of large bandwidths, low
propagation losses and integrability, although they are limited by their planar nature since the
number of crossings between waveguides corresponds to losses and crosstalk [3]-[5]. Although
there are efforts for the integration of a 3D interconnection system [6], [7], a stable technological
solution is yet to be defined. Wireless NoCs [8], [9] have the benefit of reducing routing complexity
of wires, although they involve the use of multiple modules of transceivers, with the related modu-
lation/demodulation, power sources for transmitters, and bulky antennas (working at microwaves).

Recently, Optical-Wireless-NoCs (OWiNoCs) have been proposed as an approach that combines
optical wires with optical wireless links as a mean for intra/inter-chip communication [10]-[13].
Today, research on optical wireless links over long distances stands on established technologies
and methods, whereas it is still in early stages at on-chip-scale distances. Chip level optical wireless
links are very interesting, since they may enable a variety of applications, such as the inter- and
intra-core communications in Chip Multiprocessors (CMP), beam steering and biosensing on chip,
and also potentially overcome the limits caused by the planarity of optical circuits, which can
simplify architectures and enable higher communication densities [10], [14]-[16].

In principle, the on-chip wireless communication at optical frequencies can combine, at the chip
level, the well-known advantages of wireless communications with those pertaining to photonics,
relieving at same time the network topological constraints. However, the OWiNoCs still require
extensive research and they involve major challenges in the definition of transmission/reception
antennas and in the study of the on-chip optical channel.

An important requirement for optical antennas for OWiNoCs is a high gain in the longitudinal
direction (on-chip plane). On this frame, two types of antennas have been developed in recent
years, the plasmonic and the dielectric ones [10]-[13], [18]-[20], both with their specific traits [20].
Dielectric antennas [10], [20] allow to reach very high gain in the longitudinal direction, between
16—23 dB. As a counterpart, their dimensions are of the order of various wavelengths (e.g., ~12-15
um for 1.55 um wavelength). On the other hand, plasmonic antennas are more compact, since
they require around two wavelengths of size (e.g., ~3.2 um for 1.55 um wavelength) and allow a
longitudinal gain around 10 dB [12]. It should also be noted that the gain of plasmonic antennas
can be significantly increased by setting them into arrays [18], [19], which is easy, considering their
reduced size.

A further important step in the actual implementation of OWiNoC is the in-depth knowledge of
the propagation channel characteristics necessary to predict the communication performances
and to deduce network design criteria. For this purpose, different approaches are feasible. In
[21]-{23], the propagation of the signal within the optical wireless channel was studied numerically
by means of the Finite Difference Time Domain (FDTD) and the Ray Tracing (RT) methods.
The FDTD allows a full-wave calculation of the electromagnetic fields and, thus, a complete knowl-
edge of the electromagnetic behavior of the system. As a counterpart, FDTD requires considerable
computational resources, which limit the analysis to the near field, mainly for the evaluation of the
antenna gain, and to the study of the propagation over a few hundreds of micrometers. Conversely,
RT allows fast results over longer distances with a satisfactory precision, although at the cost of
some degree of approximation [21], [22]. The latter approach is then fundamental for the analysis
and the design of complex networks and long-distance links.

In previous studies, structures with increasing geometrical complexity have been addressed by
considering, initially, simple boundless homogeneous media [10]-[13], [18]-[23]. Then, more real-
istic structures based on a homogeneous cladding, with air on top and Silicon layer on bottom, have
been considered using both RT and FDTD [21]-[24]. Those studies underlined the dependence of
the performance of wireless links on the antenna configuration, on the geometrical parameters of
the system and on the materials composing the antennas and the propagation medium.

Actual optical wireless links involve a multilayer structure that comes from the fabrication steps
required for the chip realization. The multilayer structure of the chip introduces additional interfaces
in the propagation channel. These interfaces, their relative distance (few wavelengths) and the
channel length (tens/hundreds of wavelengths) have been shown to have a strong impact on the
final received signal, allowing also noticeable increases of the received signal level [23], [24].
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Fig. 1. (a) Scheme of the wireless system, where a waveguide interrupts the direct line between the
receiver and the transmitter. (b) Top view of the system, with the indication of the relevant geometrical
parameters. The inset evidences the antenna geometry. (c) Cross section of the chip, cutting through a
straight waveguide; the materials and geometrical characteristics of the optical channel are shown, as
well as the dimensions of the standard waveguide (inset).

Further investigation of the propagation channel is proposed in this paper to take into account
that, in the implementation of on-chip wireless networks, the optical channel can in fact contain also
further optical elements, such as crossing waveguides, which act as obstacles for the propagating
signal. The knowledge of the behavior of wireless links in presence of an obstacle can allow to
define design criteria for optimal placing of crossing waveguides and it opens up new possibilities
for the exploration of different network topologies.

In this work, we numerically and experimentally study the effects of the presence of a waveguide
transversely placed in a direct line-of-sight wireless link (here referred to as empty wireless channel
- EWC). The crossing waveguide acts as an obstacle for the propagating optical signal. In the
following, we will refer to the wireless link with crossing waveguide as Single Obstacle Wireless
Channel (SOWC). The reported analysis shows both the numerical and the experimental results
and it mainly aims at determining the relationship between the received signal and the position
of the obstacle. Most of the analysis was numerically performed by using the FDTD method for
distances up to 130 um, since it allows to compute the complete scenario without introducing ap-
proximations on the geometry. This study is the first step for the definition of topological guidelines
for circuit design, which aim to preserve or even improve the optical channel performance.

The paper is organized as follows. In Section 2 the analyzed system is described, whereas the
numerical and experimental setups are described in Section 3 and 4. In Section 5, the results of the
numerical and experimental SOWC analyses are discussed. Finally, the conclusions are drawn.

2. Description of the On-Chip Optical Wireless System

Fig. 1 shows a scheme of the on-chip wireless link analyzed in this work. It consists of a transmitter
and a receiver facing each other, with a crossing waveguide perpendicular to their direct line of
sight (Fig. 1(a)).

The transmitting antenna, shown in the inset of Fig. 1(b), is made of an inverse taper fed by a
standard Silicon on Insulator (SOI) waveguide, with width w = 380 nm and height h = 220 nm,
which allows the propagation of the single fundamental TE mode. The guided mode propagating
in the waveguide becomes evanescent in the inverse taper and it is radiated in the surrounding
dielectric. Thanks to the taper, the effective refractive index of the propagating mode is gradually
adapted to the one of the surrounding cladding, thus guaranteeing a low back-reflection during the
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conversion of the wired signal into a wireless one. In order to improve the radiation characteristics
of the antenna, the inverse taper is terminated with a straight tip with length 1 xm and width 130 nm.

The taper antenna radiates mainly in the x direction with a maximum radiation gain of about
16 dB. Moreover, for the reciprocity of the antenna behavior, it can also act as a receiver trans-
forming the wireless signal into a guided one. Further details on the radiation properties of the
taper antenna are reported in [10], [20]. It is worth underlining that, as discussed in [10], [20], the
radiation gain can be improved up to about 20 dB by adding dielectric directors to the taper antenna.
However, since the focus of this work is the analysis of the propagation channel in presence of
obstacles, we will consider only simple taper antennas, which exhibit a sufficiently high gain and
are easier to fabricate.

The main parameters of the analysis reported in this paper are the link distance L4, which is the
distance between the transmitting and the receiving antennas, and the crossing distance C4, which
is the distance between the transmitter and the perpendicular crossing waveguide, as schematized
in Fig. 1(b).

Considering that the implementation of wireless links is envisioned to be an extension of the
capabilities of present optical networks on chip, for this study we have chosen technological
features suitable for integration on standard SOI platform. The multilayer structure of the fabricated
and analyzed sample is shown in Fig. 1(c). The circuit layer, i.e., the silicon layer housing the
waveguides and the antennas, is situated upon a 3 um thick layer of SiOy (with refractive index
nsioe = 1.445 at the wavelength A = 1.55 um), which separates it from the bulk silicon layer.
The thickness of the bulk Si layer is about 600 um, therefore, in the numerical simulations, it was
considered as infinite. The circuit layer is covered with a 300-nm thick layer of BPTEOS (Ncjaq =
1.453) glass, which was deposited to improve adhesion and to avoid strong index contrasts around
the taper tip. The BPTEOS layer, which was planarized before deposition of the cladding, has a
thickness of 80 nm with respect to the circuit layer and an overall thickness of 300 nm with respect
to the SiO, layer (i.e., the BPTEOS covers the circuit layer filling the etched regions around the
waveguides and the antennas). Upon BPTEQOS, a dielectric layer made of UV26 (nyva2g = 1.526)
polymer was deposited with a thickness of 3.78 um. An infinite layer of Air (n.;, = 1) is present on
top of the whole system.

3. Numerical Analysis Settings

The structure shown in Fig. 1 was numerically analyzed by using the three-dimensional Finite
Difference Time Domain (3D-FDTD) method [25]. The multilayer shown in Fig. 1(c) was modeled
in all the simulations by considering a semi-infinite extension of the top air layer and of the bottom
silicon one. Perfectly Matched Layer (PML) boundary conditions were used to limit the calculation
domain [25].

The FDTD method, used to solve the Maxwell equations, involves the spatial discretization of the
volume under study as well as the temporal discretization of the full-wave electromagnetic fields.
To describe with precision the propagation in the multilayer structure, the maximum mesh size was
chosen equal to 25 nm x 25 nm x 25 nm and an adaptive mesh refinement was used to describe
the dielectric structures. The FDTD method allows to take into account all the linear interactions
between the electromagnetic fields and the structures, including the couplings mechanisms from
wireless to guided signals, and the matching between different structures. The PML conditions
ensure the lack of back-reflection on all the simulation boundaries.

Provided that the time and space discretization is constrained by the FDTD convergence criteria,
the simulation of the wireless links proved to be demanding in terms of computational resources
and simulation time. In fact, given that the link distance values L4 are much greater than the oper-
ating wavelength (A = 1.55 um), the simulations required large computation domains. Therefore, in
the parametric analysis of the wireless propagation, we have considered a maximum value of the
link distance equal to Ly = 130 xum. Moreover, to reduce the meshing requirements, the trenches,
which are present in the actual fabricated sample, were not included in the model due to the
expected negligible influence on the received signal.
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Fig. 2. (a) Optical microscopy image of the fabricated links; in particular, the free space area (corre-
sponding to the wireless channel) is shown. (b) Enlargement of a grating coupler, a waveguide and the
trenches. (c) Scheme of the experimental setup.

4. Experimental Details
4.1 Fabrication

Fig. 2 shows a microscopy image of the fabricated links with a crossing waveguide. Waveguides,
trenches, and wireless propagation area (here, named free-space area), are visible in Fig. 2(a) and
(b). In Fig. 2(b) an enlargement of the grating couplers is also shown. The optical structures were
patterned through positive resist photolithography followed by etching of a SOI wafer. The resulting
sample has trenches, which are distant 5 um from the waveguides. In the free-space area the
wireless links feature a wide opening of the trenches, which is visible on Fig. 2(a). To guarantee a
low influence of the rays bouncing on the lateral walls of the free-space area, its width was chosen
equal to 0.6*L4.

Upon the patterned antenna layer, a 300-nm thick layer of BPTEOS was deposited through
Plasma-Enhanced-Chemical-Vapor-Deposition LPCVD. Due to the liquid precursors, this layer is
planarized, so its thickness is 80 nm upon the Silicon layer and 300 nm upon the SiO; one. The
presence of the BPTEQOS, over the SiO, one, reduces the refractive index discontinuity near the
antennas. This is advantageous since such discontinuities can influence the antenna radiation
characteristics giving an undesired tilt of the radiation diagram. To cover the BPTEOS layer, a
3.78-um thick polymeric layer (UV26) was spin-coated and then cured with ultraviolet light and
baked at 170 °C.

As shown in Fig. 2(b), gratings are realized for the input/output coupling of the laser signal.
Moreover, the waveguide sections include bends that, in addition to grating coupling and trenches,
allow the isolation of the signal pertaining to the antennas from other undesired sources of unbound
signals.

4.2 Characterization Setup

The experimental setup is shown in Fig. 2(c). A Yenista’s CT400 passive optical component tester,
connected and synchronized with a tunable laser source (Yenista’s TLS Tunics T100), has been
used to evaluate the ratio between its receiving ports RX1 and RX2 and the power emitted from its
output port, returning the transmission and reflection coefficients, respectively.
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In detail, the output port of the CT400 is connected first to a circulator, necessary for the
evaluation of possible reflections, and then to a polarization controller placed right before the input
fiber probe with the purpose of optimizing the coupling between the probe and the fundamental TE
mode of the silicon waveguide at the input section of the device under test (DUT).

The fiber probes are vertically coupled to the input and output waveguides of the DUT through
the taper grating shown in Fig. 2(b), which allows an easy and repeatable coupling.

The temperature of the device is controlled and stabilized by placing the chip on a Peltier cell,
isolated in an aluminum case, connected to an external Thermo Electric Controller (TEC). In order
to extrapolate the intrinsic value of the transmission coefficient related to the wireless link only
(i.e., removing the losses of external components, connectors and gratings), all the measurements
have been normalized with respect to those of a reference waveguide fabricated on the same chip
and having the same length of the DUTs (about 2 mm). Finally, the setup presents a minimum
detectable transmission coefficient of the wireless links of about —55 dB.

5. Results and Discussions

The wireless propagation in a multi-layer environment is characterized by multi-path phenomena
which influence the received power and the efficiency of communication. In [24], the authors
experimentally demonstrated the occurrence of multipath phenomena in line-of-sight links without
obstacles (i.e., EWC). The need of numerically predicting the channel behavior, for proper and
efficient design the wireless links, was also evidenced [24].

Here, we focus on the numerical and experimental study of on-chip wireless links in presence
of a single obstacle (SOWC). Actually, in the perspective implementation of wireless on-chip com-
munication in combination with wired one, the presence of obstacles (e.g., crossing waveguides)
must be considered and their effect must be predicted for the correct placing and connection of the
network elements.

To better highlight the influence of the crossing waveguide on the wireless signal propagation
we report in Fig. 3 the power density (10gi0(|Pxy- [)) in the XY plane and in the XZ plane. In
particular, Fig. 3(a) and (b) show the power density calculated by FDTD simulations in the XY
cutting plane at the circuit level for the EWC and SOWC cases, respectively. The solid lines in
Fig. 3 indicate the antenna geometry, whereas the dashed purple line in Fig. 3(b) evidences the
position of the crossing waveguide. Similarly, Fig. 3(c) and (d) show the power density calculated
in the XZ cutting plane, positioned in the middle of the antennas at Y = 0, for the EWC and SOWC
cases, respectively. The dashed black lines correspond to the different layers of the simulated chip,
whereas the position of the crossing waveguide is denoted by the purple dot in Fig. 3(d).

We can see in Fig. 3(a) and (c) the presence of zones with high power density and others with low
power density, which are induced by the multipath effect in the multilayered chip and correspond to
constructive and destructive interference of the rays. In Fig. 3(b) and (d) we notice that the crossing
waveguide acts as a perturbation, introducing scattering. It is evident that the single waveguide
diffuses away only a limited amount of power, and that the scattered rays cause oscillations due
to constructive and destructive interferences. On longer ranges, by comparing Fig. 3(c) and (d) we
can infer that the perturbation of the power density distribution is more apparent in the SiO, layer
with respect to the BPTEOS and UV26 layers, where the rays incoming to the receiver seem the
same as in the EWC case. Moreover, we observed from different simulations that the amount of
scattered signal depends on the position of the waveguide in the XY plane (circuit plane).

From Fig. 3(c) and (d), it is also evident that the interfaces between the SiO,, BPTEOS and UV26
layers do not significantly influence the propagation of the wireless signal, thanks to the small index
contrast. Conversely, the interfaces at the top and at the bottom layers (i.e., between air and UV26
and between SiO, and bulk silicon) are responsible of multiple reflection owing to the high index
contrast.

Fig. 3 represent a qualitative example of the perturbation induced by the crossing waveguide.
However, to obtain a quantitative analysis of the propagation phenomenon and to deduce simple
network design rules, the system must be simulated for different link configurations. For this
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Fig. 3. Density of power (Log10(|Pxy~ 1)) in the XY plane ((a) and (b)) and in the XZ plane ((c) and (d))
in correspondence of the transmitting and receiving waveguides, in the EWC ((a) and (c)) and SOWC
((b) and (d)) cases. Dashed lines represent the interfaces between the chip layers, whereas the solid
lines denote the geometries of the transmitter and the receiver. In the SOWC case, the purple dot and
dash-dot line show the single crossing waveguide.

purpose, the influence of the position of the crossing waveguide on the received power, has been
evaluated by changing the value of the crossing distance Cg4 for fixed L4 values.

Fig. 4 shows the received power Prc, normalized to the input power P;,, = 0 dBm, as a function
of the distance C4 for three L4 values, namely Ly = 70 um (red curve), Ly = 85 um (green curve),
and Lqg = 100 um (blue curve). The curves in Fig. 4 were calculated by FDTD in the case of
wireless link with a single obstacle. The received power was calculated considering the fraction
of power coupled into the fundamental TE mode of the output waveguide (i.e., mode expansion
monitor in [25]). The numerical simulation results were compared with the measured Pr¢ values,
which are reported in Fig. 4 for the three link distance values: Ly = 70 um (red circles), Lq = 85 um
(green circles), and Ly = 100 um (blue circles). It is worth pointing out that each measured point
corresponds to a different measured link within the same sample (Fig. 2(a)), each having specific
fixed Ly and C4 values. Therefore, only a limited number of experimental points were available for
the comparison with the simulation results.

In Fig. 4 we can observe a good agreement between the simulated and measured values for L4
=70 umand Lq = 100 um (i.e., the difference is less than 1 dB). On the other hand, we can notice
that for Ly = 85 um both the simulated and measured P values are significantly smaller than
those corresponding to the other two cases. In particular, the measured P values are lower of
about 6 dB, whereas the measured ones are about 11 dB lower. This behavior can be explained
by observing Fig. 4(b), which shows the simulated received power P, (solid black curve) for the
EWC case (i.e., direct line of sight without obstacles) as a function of Ly. As we can see from
the solid black curve of Fig. 4(b), the received power P, exhibits oscillations, which are due to
the multipath propagation in the multilayered medium, responsible of constructive or destructive
interferences [24]. Fig. 4(b) also reports the measured points in the case of SOWC (i.e., links with
crossing waveguide) to relate them to the zones of constructive and destructive interference in the
multipath propagation. It is evident that the two link distances, i.e., Ly = 70 um and Ly = 100
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Fig. 4. (a) Comparison between the FDTD (solid curves) and the measured results (circles) of the
received power Prc as a function of the crossing distance Cq4 for three values of the free space
distance Lq = 70 um (red solid curve for the simulations, red circles for the measures), Ly = 85 um
(green solid curve for the simulations, green circles for the measures) and Ly = 100 um (blue solid
curve for the simulations, blue circles for the measures). (b) Received power P, in the EWC case,
expressed in dBm, as a function of the link distance Lq; the experimental points for the SOWC case
are also reported in the inset for the sake of comparison for the three link distance values: Lq = 70 um
(red circles), Lq = 85 um (green circles), and Ly = 100 um (blue circles).

um, for which there is a better agreement between measurement and simulations in Fig. 4(a),
correspond to constructive interference zones (i.e., near the relative maxima of the black curve in
Fig. 4(b)). Conversely, the link distance Ly = 85 um, for which there is a worse agreement between
measurement and simulation, falls in a destructive interference zone (i.e., near a minimum of the
black curve in Fig. 4(b)). Given the repeatability of the measurements and the high sensibility of the
used detector, the difference between the measured and the simulated Pr values can be related
to a slight difference of the fabricated cladding thickness with respect to the nominal one, and/or
to the oscillations of the cladding refractive index values. These fabrication inaccuracies can cause
small variations of the simulated and of the measured Pr¢ values that are more apparent in the
destructive interference zones. However, the good agreement between the experimental and the
simulated values for Ly = 70 um and, in particular, for Ly = 100 um (the case with larger number of
measured points), confirms the suitability of the FDTD method for the modeling of wireless systems
in presence of obstacles.

From Fig. 4 we can infer that the received power Prc depends on both C4 and Ly parameters,
even if the former seems to induce less influence than the latter. In fact, as an example, by fixing
the Ly value the maximum Pgrc excursion, equal to about 4 dB, occurs for Ly = 100 um in the
range Cq4 = 5-95 um, whereas by fixing the C4 value, the maximum Py excursion, equal to about
15 dB, occurs for Cq4 = 50 um in the range Ly = 70-100 pxm.

To better highlight this behavior and to deduce design rules useful for the correct positioning
of crossing waveguides in the network, parametric maps have been obtained by calculating the
received power Prc as a function of C4 and L.

Fig. 5(a) shows the received power Prc calculated in the presence of the crossing waveguide,
as a function of the Lq and C4 parameters. For the sake of direct comparison, we also report
in Fig. 5(b) the simulated received power P,, in EWC as a function of Ly. In Fig. 5(a) and
(b), the maximum excursion of the received power is about 1520 dB, caused by constructive
and destructive interference of the rays composing the overall signal propagating in the on-chip
multilayer structure. In particular, we can see in Fig. 5(a) that, given a fixed value of the crossing
distance Cg, it is possible to distinguish L4 values for which the signal assumes high values (yellow
regions contoured by red dotted lines), and others for which it is significantly lower (green-blue
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Fig. 5. (a) Received power Prc in the SOWC case, expressed in dBm, as a function of the crossing
distance Cq4 and the link distance Lq4; The red dashed contour lines identify the reference received
power level P, = —25 dBm. (b) Received power P, in the EWC case, expressed in dBm, as a function
of the link distance Lq. (c) Map representing the difference Prc—Pyo in dBm between the received
powers in the EWC and in the SOWC cases. Red dashed contour lines identify the reference received
power level P, = —25 dBm, whereas the black dashed contour lines identify the values for which
(Prc—Pr0) =0dB.

zones). The Py reference value chosen to identify the transition from the high to the low signal
regions is —25 dBm (red dotted curves). The choice of the reference value is in agreement with
[23], and it guarantees a bit-error-probability (BEP) lower than 10~ for a standard receiver.

Moreover, by comparing Fig. 5(a) and (b), we can see that, for different C4 values, the high
and low signal regions qualitatively follow the trend of the received power P, in the EWC case.
However, perturbations of the received power are indeed induced by the crossing waveguide. To
better quantify this perturbation, we report in Fig. 5(c) the difference (in dB) between the received
power Prc in the SOWC case and the received power P, in the EWC case, as a function of the
crossing distance C4 and of the link distance L4. The reference value (—25 dBm) chosen to identify
the transition between the high and low signal regions is also shown in Fig. 5(c) (red dotted curves).
Moreover, Fig. 5(c) shows the contour curves corresponding to 0 dB difference between Pr¢ and
P.q (black dashed curves).

The comparison of Fig. 5(b) and 5(c) shows that the insertion of the crossing waveguide in links
with Ly corresponding to high P, levels is likely to be harmful almost regardless of the C4 value.
For example, the insertion of a crossing waveguide causes a reduction of the received power (i.e.,
P..—P.o < 0 dB) for Lq values around Lq = 70 um or Lq = 100 um, independently from the Cq4
values. Conversely, when the waveguide is inserted in a link experiencing a weak received power
P.q, it can result in some kind of benefit (as an example the increase occurs around Lgy = 90 um for
Cq =12 um and C4 = 48 um). Overall, this is not fully surprising. In fact, as long as on-chip optical
propagation is dominated by multipath effects [24], the introduction of potential scatterers between
the antennas can completely change the ray pattern and even reverse the final interference effect.
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Therefore, the crossing waveguide is more likely to act as an impairment when the interference
at the receiver in the EWC case is constructive, whereas it may more easily represent a benefit
when a destructive interfering effect is already suffered before its introduction. There are also small
pockets where the constructive effect is present in high power regions.

By following this approach, given a multilayered on-chip structure, multi-parametric maps, such
as those shown Fig. 5, can be created for the correct placement of crossing waveguides in the
wireless link. After the definition of the maps, it is possible to select the most suitable combination
of C4 and L4 parameters according to the network design constraints. As an example, to ensure
better link performance, the best positions for the receiver correspond, in Fig. 5(a), to received
powers higher than —25 dBm, whereas the position of the crossing waveguide can be chosen from
the design maps to minimize the perturbation of the received signal (e.g., around the black dashed
lines corresponding to P,.—P.q = 0 dB).

In addition to the analysis of the received power, we evaluated the crosstalk between the wireless
link and the crossing waveguide. For this purpose, the received power Py values at the two
ports of the crossing waveguide were evaluated when the signal was launched in input to the
transmitting antenna. We have verified that the levels of Pywg are below —65 dBm in the FDTD
analysis, whereas they are in the range from —50 dBm to —40 dBm in the experimental results.
The low value of the coupling, which is beneficial for the network as it demonstrates low crosstalk
between the links, can be attributed to the lack of structures promoting coupling between unbound
signal and waveguide mode (i.e., antennas and taper tips), and also to the perpendicular position
of the waveguide with respect to the wireless link.

6. Conclusion

In this paper, we have shown, through an extensive use of simulations and experiments, that
the presence of obstacles in an on-chip wireless channel perturbs the electromagnetic field of
the wireless signal, altering the multipath propagation and consequently the received power. The
simulations have shown the possibility of locating the positions with high and low received power
levels related to constructive and destructive interferences.

The results of the characterization of a fabricated sample, housing different wireless link with
obstacles, have been reported. The simulations and the measurements are in very good agreement
(i.e., difference smaller than 1 dB) when considering higher levels of the received power. Thanks
to the good agreement between numerical and experimental results, we have demonstrated that
the effects of the perturbation induced by obstacles in real chips can be efficiently predicted by
numerical modelling. In particular, these scatterers generally reduce the amount of the overall
received power, but it is possible to mitigate losses or even to obtain an improvement of the
received power by suitably designing the link topology through correct placement of receivers and
perturbators. To this aim, design maps have been obtained by numerical simulation that allow the
identification of the positions featuring constructive and destructive interference.

We demonstrated that an accurate positioning of both the crossing waveguide and the receiver
allows to minimize the effect of the perturbation and eventually to reduce losses, or even to improve
the level of the received power. Therefore, the use of suitable maps, obtained by the proposed
parametric analysis, allows for optimized topological choices.

Moreover, we verified that the crosstalk signal on the crossing waveguide is very small, due to the
lack of structures promoting coupling between unbound signal and waveguide mode (i.e., antennas
and taper tips), and also due to the perpendicular position of the crossing waveguide with respect
to the wireless link.

The analysis reported in this paper is also useful for the comprehension and interpretation
of what happens in more structured systems that include multiple objects and it represents a
necessary step towards the actual implementation of on chip wireless communications. Moreover,
the results of this study can be used also for a better understanding of unbound optical signals
within the chip environment, as well as enhance emerging applications such as beam steering,
beam forming, biosensing on-chips.
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