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Abstract: Optical on-chip wireless interconnection is an emerging technology that aims to overcome
the communication bottleneck in computing architectures and in which multiple processing units are
exploited for data-intensive applications. In this work, we propose an integrated dielectric Vivaldi
antenna, which exhibits the same gain performances for both TE and TM input polarizations. Point-
to-point on-chip communication links between two Vivaldi antennas are analyzed. Moreover, the
effect of wave polarization on the link performances is numerically studied in on-chip multilayer
structures in connection with the multilayer characteristic parameters, i.e., cladding layer thickness
and refractive index. The numerical results show that, with the same antenna gain, TM polarization
is affected by lower propagation losses when suitable cladding layer thickness and refractive index
are considered.
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1. Introduction

The performance improvement of future computer architectures is also related to
overcoming the communication bottleneck at the inter- and intra-chip level. In fact, the
communication among different processing units can limit the overall performance of the
system. The extensive research efforts toward more efficient communication are motivated
by the constant growth of the computational requirements of data-intensive applications.
Networks-on-chip (NoCs) are the most assessed forms of technology that allow efficient
communication through electrical links and switches and among different cores and/or
processing units [1,2]. However, latency, multi-hop communication, and scalability are seen
as potential limits to a continuous increase in the performances of electrical NoCs. Therefore,
alternative solutions are being investigated, ranging from the integration of an optical
communication layer to the wireless interconnection at millimeter wave frequencies [3–6].

Optical Networks-on-chip (ONoCs), i.e., the optical “wired” technology, are based
on the integration into computing architectures of an optical layer, housing signal routing
and processing components such as switches and filters [7–10]. Optical communication
is characterized by high bit rates and low latencies, and it is incredibly promising for
overcoming the communication bottleneck. In general, the signal routing in the ONoCs is
achieved by employing resonant or non-resonant components [11–13]. Resonant devices,
such as micro-ring resonators (MRRs) or photonic band gap components, are intrinsically
narrow band devices. The resonance condition occurs at given wavelengths, which depend
on the geometrical and on the optical characteristics of the device (e.g., geometrical size,
periodicity, refractive index, etc.) [14–18]. The use of many resonant devices in the same net-
work requires a fine tuning of the resonances (e.g., by thermal tuning) to guarantee efficient
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communication between the different network nodes, especially when multiple resonant
wavelengths are associated to multiple communication channels [12,19,20]. This can result
in a considerable increase in the overall power budget and in the device complexity due to
the tuning circuitry.

Differently from resonant components, non-resonant ones, such as Mach–Zehnder
Interferometers (MZIs), can achieve a broadband behavior and can allow the simultaneous
switching of multiple communication channels [13,21]. Therefore, Dense Wavelength Divi-
sion Multiplexing (DWDM) communication can be implemented to reach high aggregate
data rates.

As the network size scales up and the number of transmitters and receivers increases,
many routing devices are required, resulting in higher losses and crosstalk, especially due
to waveguide crossings.

A recently proposed technology, which is an alternative to ONoCs, is based on Wire-
less Networks-on-chip (WiNoCs). This technology offers the possibility of simplifying the
network topological constraints and of reducing the inter-router hops while guaranteeing
low-latency and broadcast communication [6,22–24]. Moreover, the on-chip integrability of
wireless networks is allowed by the use of mm- or THz-wave signals, which require very
small antennas. However, the integration of miniaturized antennas (e.g., graphene anten-
nas [25]) is not yet fully mature technology, and many research challenges are still open.

On-chip wireless optical communication is an emerging technology that can contem-
porarily exploit, at the chip level, the advantages of optical and of wireless communica-
tions [26–30]. The combination of optical wired and wireless communications can help to
reduce the network complexity and the number of switching elements necessary for linking
all the transmitters and all the receivers. Moreover, the possibility of reducing the network
topological constraints can lead to the exploration of new communication paradigms.

It is worth mentioning that, at the optical frequencies, the attenuation due to wireless
propagation in free space (i.e., homogeneous medium) can be very high, and it can reach
tens of dBs for 1 cm length of propagation, as it can be roughly estimated by the well-known
Friis formula [31]. This attenuation limits the maximum distance between the transmitter
and the receiver, but high-gain antennas can compensate for the loss associated with the
wireless signal spread.

Different configurations of dielectric and plasmonic antennas have been proposed in
the literature for on-chip wireless communications [29,30,32–35]. The plasmonic antennas
have very small dimensions (a few microns), but they suffer non-negligible losses due to
plasmonic mode propagation in the lossy metal. These losses limit the maximum achievable
antenna gain. For example, Yagi–Uda plasmonic nanoantennas can achieve directivities of
about 10 dB [32,33]. Integrated plasmonic Vivaldi antennas have also been proposed as
single radiators or in array configurations [34,35], reaching gains up to about 14 dB with
antenna size in the order of 2 µm.

All-dielectric antennas have low losses butthey are less compact. For example, in [29]
a high-gain (approximately 21 dB) dielectric antenna was demonstrated. The configuration
consisted of a tapered waveguide and a series of rectangular directors for a total antenna
length of about 15 µm.

The antenna gain is not the only significant parameter for the evaluation of the on-chip
wireless link performances. In fact, on-chip wireless propagation does not occur in a homo-
geneous medium, but in a multilayer one. The typical structures of photonic integrated
chips are composed of different materials tiled up in different layers. Indeed, the com-
plexity of the on-chip wireless propagation medium influences the overall communication
link performance, causing multiple reflections and multipath interference (thus making
the Friis formula too simplified and inaccurate). In particular, as demonstrated by the
authors in [36–38], the propagation in the multilayer medium can be beneficial in terms of
propagation losses with respect to the propagation in a homogeneous medium, thanks to
constructive interference.
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In this paper, we aim to numerically investigate the effect of wave polarization (either
transverse electric TE or transverse magnetic TM) in on-chip wireless communication. For
this purpose, we first introduce the design of a polarization-insensitive, dielectric Vivaldi
antenna, which has the same radiation characteristics, expressed in terms of antenna gain,
in both polarizations. Then, the performances of different point-to-point links between
two dielectric Vivaldi antennas are analyzed in connection with the variation in the multi-
layer medium characteristics (i.e., layer thicknesses and material refractive indices). We
assume that the polarization is selected in input to the waveguide of the transmitting
antenna, i.e., the input waveguide is excited either with a TE or with a TM mode through
suitable grating couplers or polarization selectors [39–44]. The polarized wave is then
radiated into the surrounding space and received at the output antenna, always keeping
the same polarization.

Silicon nitride Si3N4 technology has been chosen in this paper as a case of study,
but the Vivaldi antenna design criteria and the multilayer propagation analysis can be
virtually extended to any technology. Silicon nitride (SiN) is one of the platforms, together
with silicon-on-insulator (SOI), that enable the on-chip integration of the optical networks
thanks to the compatibility with Complementary Metal-Oxide Semiconductor (CMOS)
technology. The proposed dielectric antenna can be regarded as a building block for
optical wireless NoCs (OWiNoCs). Moreover, thanks to its compatibility with standard
optical integrated technology, this antenna building block can be combined with standard
waveguide components, thus widening the possibility of network design exploration.

Because the proposed Vivaldi antenna has the same gain in the two polarizations, the
different performances that will be evidenced in the following can be attributed to the effect
of the polarization of the radiated wave and to its interaction with the multilayer medium.
As it will be shown, by selecting the TM mode in input to the transmitting antenna, the
overall performance of the point-to-point link can be significantly improved. This opens
new possibilities for the design of on-chip optical wireless interconnection networks.

In Section 2, the antenna characteristics are investigated by considering either the TE
or the TM polarizations of the optical mode launched in input to the SiN strip waveguide.
In Section 3, we analyze the performances of transmission links in an on-chip multilayer
structure for both the TE and the TM polarizations. Conclusions are finally drawn in
Section 4.

2. Design of the Dielectric Vivaldi Antenna

The proposed integrated antenna is schematized in Figure 1, where the relevant
geometrical parameters are highlighted. As anticipated, the antenna is constructed with
a SiN slot waveguide tapered according to a Vivaldi profile, and it is directly coupled to
an input SiN strip waveguide. This geometry has been chosen to guarantee wideband
performance of the antenna, thus maximizing the bandwidth of the on-chip network.

The Vivaldi profile can be calculated according to the following equations:

y = C1eR x + C2 (1)

with

C1 =
y1 − y2

eR x1 − eR x2
, C2 =

y2eR x1 − y1eR x2

eR x1 − eR x2
(2)

In Equation (2), R is the opening rate coefficient, whereas x1, y1 and x2, y2 are the edge
coordinates of the Vivaldi profile in the xy plane.

The Vivaldi antenna is fed by a strip waveguide thanks to the direct coupling mech-
anism between the strip and the slot waveguides. The input optical signal of the strip
waveguide is coupled directly to the slot mode, and then, it is radiated by the Vivaldi
antenna. The radiation occurs predominantly toward the x direction in Figure 1, i.e., in
front of the antenna.
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Figure 1. Scheme of the dielectric Vivaldi antenna directly coupled to a strip waveguide. The antenna
is composed of silicon nitride and, to investigate its radiation properties, it is embedded into a
homogenous medium with refractive index nSiO2 = 1.445.

The numerical model of the antenna was implemented through the three-dimensional
Finite Difference Time Domain (3D-FDTD) method [45]. For the design of the antenna and
the analysis of its radiation characteristics, the structure was assumed to be immersed in a
homogenous medium with refractive index nSiO2 = 1.445 at the wavelength λ = 1.55 µm.
This assumption eases the calculation of the far-field radiation diagrams because a homoge-
neous medium is required when the near-to-far-field transformations are performed.

In the proposed structure, the thickness of the waveguides was considered equal to
t = 300 nm, as is the case in commercially available SiN samples. The dispersion of the
refractive index of SiN [46,47] was included in the model, and the simulation domain was
delimited by Perfectly-Matched-Layer (PML) boundary conditions.

The gain of the Vivaldi antenna depends on different geometrical parameters such as
the width of the strip waveguide w, the slot gap g, and the length of the Vivaldi directors La.
The initial total width of the slot waveguide, which opens according to the Vivaldi profile,
is geometrically constrained by the width w of the input strip waveguide. Specifically, these
geometrical parameters are linked according to the equation w = g + 2s, where w is the
strip width, g is the initial gap of the slot Vivaldi antenna, and s is the width of the slot rails.
The antenna gain can be optimized by changing the cross-section geometrical parameters
(i.e., w, g, and s). For a given value of the strip width w, the gap g can be suitably chosen
to maximize the gain. Moreover, once the antenna cross section has been optimized, the
antenna gain can be further improved by changing the length La of the Vivaldi radiator.

In the following, we will consider three arbitrarily chosen values of the strip width
w = 600 nm, w = 900 nm, and w = 1100 nm, which correspond to three different configura-
tions identified by the letters A, B, and C, respectively. All the three considered values of
the strip width w give the excitation of either a single TE or a single TM mode in the strip
waveguide. By considering three different configurations, we aim to analyze the effect on
the antenna gain induced by the cross-section geometrical parameters (i.e., w, s, and g) and
to demonstrate that, given a certain strip width w, the gap g can be optimized to maximize
the gain.

2.1. Direct-Mode Coupling Analysis

Although the modes that propagate in the strip and in the slot waveguides are,
in principle, quite different (Gaussian- and non-Gaussian-like, respectively), the direct
coupling of power between the two modes is possible, provided that their components
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overlap efficiently [48]. The overlap integral between the two modes can be calculated by
the following rigorous formula [48]:

η =

(
Re
{∫

E1 × H∗
2 ·ds

}∫
E1 × H∗

1 ·ds

)(
Re
{∫

E2 × H∗
1 ·ds

}∫
E2 × H∗

2 ·ds

)
(3)

where E1 and E2 are the electric field components in the strip and in the slot waveguides,
respectively, and H∗

1 and H∗
2 are the complex conjugates of the corresponding magnetic

field components.
In order to analyze the direct coupling mechanism between the strip waveguide and

the slot one, the electric and magnetic field components were calculated at the two sections
denoted in Figure 1 as A1 and A2 by the Discrete Fourier Transform (DFT) of the time
domain fields obtained via 3D-FDTD simulation of the whole structure. Sections A1 and
A2 in Figure 1 correspond, respectively, to the strip and to the slot waveguides. The overlap
integral of Equation (3) was calculated, either for the TE or for the TM fundamental modes,
considering the electric and magnetic field distributions at these two sections.

Figure 2 shows the overlap integral that was calculated according to Equation (3)
and as a function of the slot gap g for the TE (solid curves) and the TM (dashed curves)
fundamental modes of the strip and of the slot waveguides. The results for the three chosen
configurations are reported: width w = 600 nm (configuration A—blue curves), w = 900 nm
(configuration B—red curves), and w = 1100 nm (configuration C—yellow curves). As it
can be seen in Figure 2, the overlap integral is always above 0.9, thus allowing an efficient
coupling of the optical signal from the strip to the Vivaldi antenna. Once the strip mode
is coupled to the slot one, it propagates along the Vivaldi antenna being radiated in the
surrounding medium.
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Figure 2. Overlap integral calculated according to Equation (3) as a function of the initial slot
gap value g. The blue, red, and yellow curves correspond to configurations A (w = 600 nm),
B (w = 900 nm), and C (w = 1100 nm), respectively. For each value of the slot gap g, the slot rail width
s can be calculated from the formula s = (w − g)/2. The wavelength is λ = 1.55 µm.

2.2. Vivaldi Antenna Radiation Analysis

In order to investigate the radiation characteristics of the proposed Vivaldi antenna,
the far-field of the Vivaldi antenna coupled to the strip waveguide was evaluated by
simulating the overall structure via the 3D-FDTD method. For this purpose, near-to-far
field projections of the DFT-transformed electromagnetic fields were calculated on a closed
surface surrounding the antenna and the strip waveguide [45]. In the evaluation of the
radiation characteristics, the antenna was considered to be embedded in a homogeneous
medium (with refractive index nSiO2 = 1.445) as required by near-to-far field projection
calculation. The antenna gain G(θ,φ) is defined as:

G(θ,φ) = 4π
I(θ,φ)

Pin
(4)



Appl. Sci. 2023, 13, 3062 6 of 18

where I(θ, φ) is the radiation intensity in spherical coordinates, and Pin is the input power
launched into the strip waveguide [49].

As an example of the radiation characteristics of the Vivaldi antenna, Figure 3a,b show
the gain as a function of (a) the angle θ (with Φ = 0) and (b) the angle Φ (with θ = π/2), for
the TE (solid curves) and TM (dashed curves) modes, in the case of the Vivaldi antenna
with strip width w = 900 nm, slot gap g = 300 nm, slot rail width s = 300 nm, and antenna
length La = 25 µm. Moreover, Figure 3c,d report the electric field pattern of the Vivaldi
antenna, which is calculated via 3D-FDTD in the xy plane for z = 0 µm (i.e., in the middle
of the antennas) for the TE and TM polarizations. The geometry of the Vivaldi antenna is
also evidenced by the black lines in Figure 3c,d. The color bar represents the normalized
amplitude of the electric field in logarithmic scale. It is worth pointing out that the field
patterns of Figure 3c,d are calculated in the antenna region at the wavelength λ = 1.55 µm
via DFT of the time domain fields. Therefore, they are not far-fields, but they can help to
qualitatively explain the far-field radiation diagrams.
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Figure 3. (a,b) Gain as a function of (a) the angle θ (with Φ = 0) and (b) the angle Φ (with θ = π/2),
for the TE (solid curves) and TM (dashed curves) modes in the case of the Vivaldi antenna with strip
width w = 900 nm, slot gap g = 300 nm, slot rail width s = 300 nm, and antenna length La = 25 µm.
(c,d) Electric field pattern calculated via 3D-FDTD in the xy plane for z = 0 µm (i.e., in the middle
of the antennas) for the TE (c) and TM (d) polarizations. The color bar represents the normalized
amplitude of the electric field in logarithmic scale. The wavelength is λ = 1.55 µm.

For the sake of comparison, we also consider the radiation characteristics of a simple
truncated waveguide with width w = 900 nm (Figure 4a,b). The truncated waveguide
can also be considered as an antenna because it radiates the propagating mode in the
surrounding medium due to the abrupt termination. The gain curves in the vertical (a) and
in the horizontal (b) planes are reported in Figure 4a,b for the truncated strip waveguide of
width w = 900 nm for the TE (solid curve) and TM (dashed curve) modes. Moreover, the
field patterns calculated for the truncated waveguide in the xy plane are also reported in
Figure 4c,d.

As can be seen in Figure 3a,b, in the case of the analyzed Vivaldi antenna, the gain
curves for the TE and the TM polarizations are very similar, especially in the main radiation
lobe. This does not happen for the truncated waveguide (Figure 4a,b). Moreover, as the
field patterns in Figure 3c,d show, the Vivaldi-shaped directors contribute to narrowing the
radiated beam and to increasing the maximum gain with respect to the simple truncated
waveguide structure (Figure 4c,d). Spurious radiation also occurs along the directors,
causing sidelobes in the Vivaldi antenna radiation diagram.
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Considering the reference axes in Figure 1, the maximum values of the Vivaldi antenna
gain occur for Φ = 0 and θ = π/2, and they are equal to 23.8 dB and 23.52 dB for the TE and
the TM modes, respectively. Therefore, the analyzed Vivaldi antenna can be considered
polarization-insensitive, in the sense that it has the same radiation characteristics, expressed
in terms of antenna gain, in both polarizations. Moreover, the gain of the proposed Vivaldi
antenna is much higher than that of plasmonic antennas [32–35], but it is also higher than
that of the dielectric antenna proposed in [29]. As a drawback the proposed Vivaldi antenna
is longer.

Compared to a simple truncated waveguide (with width w = 900 nm and height
t = 300 nm), the Vivaldi antenna enhances both the gain and the polarization insensitiv-
ity. In fact, the calculated maximum gain values for a simple truncated waveguide are
G = 18.32 dB and G = 15.14 dB for the TM and the TE polarizations, respectively (corre-
sponding to a more than 3 dB difference between the two polarizations).

It is worth pointing out that the dominant electromagnetic field components of the
radiated waves are different for the two polarizations. In particular, EΦ and Hθ are the
dominant components for the TE polarization, whereas Eθ and HΦ are the dominant ones
for the TM polarization. As will be shown in the following, although the gain is the same,
the difference in the dominant components will lead to a different behavior of the wireless
propagation in the multilayer on-chip structure.

As said before, the radiation performances of the Vivaldi antenna depend on different
parameters such as the width of the strip waveguide w, the slot gap g, and the length of
the Vivaldi directors La. Figure 5a,b show the maximum gain for the TE (solid curves)
and the TM (dashed curves) modes, respectively, in the case of the three configurations
A (w = 600 nm—blue curve), B (w = 900 nm—red curve), and C (w = 1100 nm—yellow
curve). The results reported in Figure 5 were calculated by arbitrarily choosing the antenna
length value La = 25 µm. In each case, the radiation diagrams are similar to those shown in
Figure 3a,b.
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Figure 5. Maximum gain for (a) the TE (solid curves) and (b) the TM (dashed curves) in the case of
the three configurations A (w = 600 nm), B (w = 900 nm), and C (w = 1100 nm). In all the considered
cases, the gain maximum occurs at Φ = 0 and θ = π/2. The antenna length is La = 25 µm, and the
wavelength is λ = 1.55 µm.

From Figure 5a,b, we can infer that the gap value g can be suitably chosen to achieve
the maximum gain for both the TE and TM polarizations. With reference to the three
configurations A, B, and C, the maximum gain values for both the polarizations correspond
to g = 100 nm, g = 300 nm, and g = 500 nm, respectively. For these three gap values, the
maximum gain difference between the two polarizations is minimized, and it is less than
0.4 dB.

A further performance indicator for the proposed Vivaldi antenna is the power re-
flection coefficient |S11|2 at the input strip waveguide. The Vivaldi antenna is a single
port device with negligible dielectric losses. Therefore, if the back reflection at the input
port is low, most of the input power is coupled from the strip waveguide to the Vivaldi
antenna, and then, it is radiated in the surrounding space. Figure 6 shows the power
reflection coefficient |S11|2 calculated at the input port for the TE (solid curve) and TM
(dashed curves) modes as a function of the initial slot gap value g. The blue, red, and
yellow curves correspond to the configurations A (w = 600 nm), B (w = 900 nm), and C
(w = 1100 nm), respectively.
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respectively. For each value of the slot gap g, the slot rail width s can be calculated from the formula
s = (w −g)/2. The wavelength is λ = 1.55 µm.

The curves in Figure 6 take into account both the power coupling between the strip
and the slot waveguide and the radiation in the surrounding medium. Because the |S11|2

coefficient is less than −21 dB for all the considered cases, the power is efficiently coupled
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from the strip waveguide to the Vivaldi antenna coherently with the mode overlap integral
in Figure 2.

By considering the gain curves in Figure 5, we can say that, given a certain strip width
w, the gap g can be optimized to maximize the gain. Once the antenna cross section has
been optimized, another geometrical parameter that influences the achievable antenna
gain is the length La of the Vivaldi radiator. As an example, Figure 7 shows the maximum
gain as a function of the antenna length La for the TE (solid curve) and the TM (dashed
curve) modes, in the case of configuration B (w = 900 nm) with slot gap g = 300 nm and
slot rail width s = 300 nm. The results of the other configurations are not reported to
avoid redundancies.
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As can be seen from Figure 7, the gain increases with the length of the antenna for
both the TE and the TM polarizations. Moreover, the gain values for the two polarizations
are very close (less than 0.4 dB difference), thus showing that the polarization-insensitive
behavior of the gain is preserved also for the different lengths of the Vivaldi radiator.
Similar behavior is obtained also for the A and C configurations.

The results discussed above, which refer to 3D-FDTD simulations of the dielectric
Vivaldi antenna surrounded by a homogeneous SiO2 medium, are useful for defining the
design criteria of the antenna and for identifying those configurations that show similar
radiation characteristics, which are expressed in terms of gain, for both the TE and the
TM polarizations. This makes it possible to study the TE and TM propagation in on-chip
point-to-point wireless links with the same antenna gain. According to the well-known
Friis transmission equation, when the wireless communication takes place in homogeneous
medium, the received power is related to the antenna gain of the transmitter and of the
receiver. Therefore, the same received power is estimated, in homogeneous medium,
for both the TE and TM polarizations in point-to-point links between two integrated
Vivaldi antennas.

However, the on-chip wireless communication occurs in a multilayer structure, which
is typical of photonic integrated circuits. As will be discussed in the following, when the
propagation occurs in a multilayer medium, the power budget of the point-to-point link is
found to be different for the two polarizations, even if the antenna gain is the same. This
difference can be ascribed to the radiated wave polarization and to the interaction of the
radiated field with the multilayer medium.
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3. Wireless Propagation in On-Chip Multilayer Structure with TE
and TM Polarizations

For the analysis of the point-to-point on-chip wireless links between two Vivaldi
antennas, the multilayer structure shown in Figure 8 was considered in the 3D-FDTD
numerical model: (a) yz cross-section and (b) xz cross-section. The multilayer shown in
Figure 8 corresponds to commercially available SiN samples with a bottom layer of bulk
Si, an overlying layer of SiO2 of height hS = 2 µm, and a further layer of SiN of thickness
t = 300 nm, housing the standard waveguides and the Vivaldi antennas. The antenna layer
is then covered with a polymer-based cladding layer. The topmost layer, i.e., air, and the
bottom one, i.e., bulk Si, were modeled as infinite in the simulations through Perfectly
Matched Layer (PML) boundary conditions. The PML conditions were also applied on all
the edges of the computational domain.
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As numerically and experimentally investigated by the authors in [30,36–38] for SOI-
based on-chip wireless links, the electromagnetic waves that propagate in the on-chip
multilayer structure experience multiple reflections and transmissions at the medium
discontinuities. The consequent multipath interference can be constructive or destructive,
resulting in increased or fading received signal. Differently from this work, in [37], links
between simple taper antennas, which were obtained by tapering standard SOI waveguides,
were analyzed, and only the TE polarization was considered for signal excitation.

It is worth pointing out that the behavior of the wireless optical signal in a multilayer
medium is strongly dependent on the material characteristics, either in terms of refractive
indices or in terms of layer thicknesses. These features imply that every specific multilayer
structure must be carefully analyzed to improve the link performances.

To analyze the effect of the wave polarization on the link performances, different
multilayer structures have been studied considering different thicknesses and different
refractive indices of the cladding (polymer) layer. The cladding is usually introduced as a
passivation layer in integrated optics, mainly to reduce scattering losses. Here, this layer
plays another important role due to the presence of multiple reflections.

As a case of study, we considered the variation in the thickness of the polymer layer
composed of poly-methyl-methacrylate (PMMA), which is characterized by a refractive
index value (np = 1.4925) very near to that of SiO2 (nSiO2 = 1.445).

Here, we quantify the performances of the wireless point-to-point links by calculating
the transmittance at the receiving (Rx) antenna, as the power coupled into the receiver
waveguide divided by that in input at the transmitter (Tx). Figure 9a,b show the trans-
mittances, which were calculated for the TE and the TM polarizations, respectively, as a
function of the link distance dlink for different values d of the cladding layer thickness.
The transmittances, which were obtained through a mode expansion monitor [45], are
expressed in dB, and they represent the fraction of power coupled to the mode of the
receiving waveguide by the corresponding antenna.
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Figure 9. Transmittance in dB, which is calculated at the receiver waveguide as a function of the
link distance for different values of the PMMA top-layer thickness: (a) TE and (b) TM polarizations.
The black curves denote the transmittance calculated by the Friis transmission equation for a point-
to-point link in a homogeneous medium (with refractive index nSiO2 = 1.445). The wavelength is
λ = 1.55 µm.

For the sake of comparison, the transmittance at the Rx port for a point-to-point link in
a homogeneous medium (with refractive index equal to nSiO2 = 1.445) was also calculated
by the well-known Friis transmission equation [49]:

T =
PRx

PTx
= GTxGRx

(
λSiO2

4πdlink

)2
(5)

In Equation (5), PTx is the power in input to the transmitter waveguide, PRx is the
power coupled to the receiver waveguide, GTx and GRx are the gains of the transmitting
and of the receiving antenna (calculated, as before, when the antennas are immersed in a
homogeneous SiO2 medium), λSiO2 is the wavelength in the propagation medium, and dlink
is the link distance, i.e., the distance between the Rx and the Tx antennas. Friis-formula
transmittance is also reported in Figure 9 for the TE and for the TM polarizations (black
curves). Because the gain of the Vivaldi antenna is the same for the two polarizations,
the curves calculated by the Friis transmission equation are equal for the TE and the
TM propagations.

As we can see from Figure 9a, for the lowest considered value of the PMMA layer
thickness, i.e., d = 0.5 µm, the transmittance T at the Rx waveguide (gray curve) is below
the one pertaining to the Friis transmission equation (black curve). When the thickness d is
increased, the effect of the propagation in the multilayer medium becomes advantageous
because the received power is higher than that in the homogeneous medium. However,
for d = 4 µm (green curve) and d = 6 µm (violet curve), oscillations are observed in the
transmittance. These oscillations are typical of constructive and destructive interferences
due to multipath propagation in multilayer media.

When the TM polarization is considered, as shown in Figure 9b, the effect of the
variation in the thickness d is more pronounced. For d = 0.5 µm and d = 0.9 µm, the
received power is lower than that in the homogeneous medium (black curve). However,
by increasing the thickness d (i.e., d = 1.5 µm and d = 3 µm in the reported examples), a
significant increase in the received power is achieved with respect to the propagation in the
homogeneous medium. Moreover, in the case of the TM polarization, oscillations occur
in the transmittance curves for the thickness values d = 4 µm (green curve) and d = 6 µm
(violet curve).

Moreover, by comparing Figure 9a,b, we can see that a significant increase in the trans-
mittance occurs for the larger values of the thickness d in the case of the TM polarization.
As an example, for dlink = 150 µm and d = 3 µm, the transmittances are T = −16.8 dB and
T = −6.2 dB for the TE and the TM polarizations, respectively.
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In the on-chip multilayer structure, the optical wireless communication is influenced
by the antenna radiation diagram, by the thicknesses and refractive indices of the layers,
and by the wave polarization.

The dominant electromagnetic field components of the waves radiated by the Vivaldi
antenna are different for the two polarizations. In particular, EΦ and Hθ are the dominant
components for the TE polarization, whereas Eθ and HΦ are the dominant ones for the
TM polarization. Therefore, when the fundamental TE mode is given in input to the
transmitting antenna, the radiated electromagnetic field can be considered to be s-polarized
with respect to the multilayer interfaces, being the electric field EΦ parallel to the interfaces.
Similarly, the TM mode gives a p-polarized electromagnetic field. The different behavior
of the TE- and the TM-polarized waves is, therefore, associated to the different boundary
conditions at the interfaces and to the different Fresnel coefficients.

To better understand the results reported in Figure 9, Figure 10 shows the normal-
ized electric field amplitude (in logarithmic scale) calculated in the xz-vertical plane
for y = 0 µm (i.e., in the middle of the antennas), for the TE polarization. The link dis-
tance is dlink = 100 µm, and different values of the thickness d are considered, namely:
(a) d = 0.5 µm, (b) d = 0.9 µm, (c) d = 3 µm, and (d) d = 4 µm. The antennas and the
multilayer interfaces are denoted by the black lines.
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Figure 10. Normalized electric field (in logarithmic scale) calculated in the xz-vertical plane
for y = 0 µm (i.e., in the middle of the antennas) for the TE polarization. The link distance is
dlink = 100 µm and different values of the thickness d are considered, namely: (a) d = 0.5 µm,
(b) d = 0.9 µm, (c) d = 3 µm, and (d) d = 4 µm. The antennas and the multilayer interfaces are
denoted by the black lines. The wavelength is λ = 1.55 µm.

Considering Figure 10, in the TE case of d = 0.5 µm, the field tends to concentrate in
the substrate (SiO2) layer, and it experiences a decay while propagating from the Tx to the
Rx antenna because it is partly transmitted in the Si bulk substrate and in the air overlayer.
Therefore, the Rx antenna can collect only a small part of the overall electromagnetic field.
When d = 0.9 µm (Figure 10b), the field tends to concentrate more in the cladding layer
(PMMA), and it is received more efficiently by the Rx antenna. This guiding effect in the
PMMA layer becomes more apparent in the case of d = 3 µm (Figure 10c). In the case of
d = 4 µm (Figure 10d), we can still consider the field to be mainly confined in the PMMA
cladding, but an interference pattern is clearly visible, which explains the oscillations of the
transmittance (green curve in Figure 9a) as a function of the link distance.

Similarly, Figure 11 shows the electric field pattern calculated via 3D-FDTD simulations
in the xz plane for y = 0 µm (i.e., in the middle of the antennas) for the TM polarization
and for a fixed link distance dlink = 100 µm. Furthermore, in this case, different values of
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the thickness d are considered, namely: (a) d = 0.5 µm, (b) d = 0.9 µm, (c) d = 3 µm, and
(d) d = 4 µm.
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Figure 11. Normalized electric field (in logarithmic scale) calculated in the xz-vertical plane
for y = 0 µm (i.e., in the middle of the antennas), for the TM polarization. The link distance is
dlink = 100 µm, and different values of the thickness d are considered, namely: (a) d = 0.5 µm,
(b) d = 0.9 µm, (c) d = 3 µm, and (d) d = 4 µm. The antennas and the multilayer interfaces are de-
noted by the black lines. The wavelength is λ = 1.55 µm.

In Figure 11a,b, it is apparent that the field is strongly attenuated due to the prevalent
radiation toward the Si bulk layer, for both d = 0.5 µm and d = 0.9 µm. When the thickness
d is increased, the electromagnetic field tends to concentrate in the PMMA layer, giving
rise to a guiding effect. In fact, when d = 3 µm (Figure 11c), the field appears to be well
confined in the PMMA layer. Moreover, the oscillations due to the multiple reflections
and transmissions at the interfaces are less pronounced with respect to the TE case (see
Figure 10c). Additionally, for the TM polarization, in the case of d = 4 µm (Figure 11d), the
field is confined mainly in the PMMA cladding, but an interference pattern is clearly visible
in agreement with the oscillations of the transmittance as a function of the link distance
(green curve in Figure 9b).

For the sake of completeness, Figures 12 and 13 show, for the TE and for the TM
polarizations, respectively, the electric field calculated via the 3D-FDTD simulation in the
xy-horizontal plane for z = 0 µm (i.e., in the middle of the antennas), for a fixed link distance
dlink = 100 µm. Different values of the thickness d are considered, namely: (a) d = 0.5 µm,
(b) d = 0.9 µm, (c) d = 3 µm, and (d) d = 4 µm. The solid lines denote the geometry of the
antennas, and the color bar represents the normalized amplitude of the electric field in
logarithmic scale.

In the case of TE polarization (Figure 12), the electromagnetic field spreads in the
xy-horizontal plane around the transmitting antenna, and it couples at the receiving one,
as expected for a point-to-point wireless link. Owing to the presence of the multilayer
structure, oscillations appear in the xy-plane field distributions, especially in the case of
d = 4 µm (Figure 12d), where an interference pattern is apparent.

In the case of the TM polarization, when the cladding thickness is d = 0.5 µm
(Figure 13a), the electromagnetic field rapidly decays due to the dominant radiation
towards the bulk layer (see Figure 11a for comparison). For larger thicknesses, i.e.,
Figure 13b–d, the electromagnetic field spreads around the transmitting antenna and
reaches the receiving one. Some oscillations in the field pattern are present due to the mul-
tipath interference, but the contribution of the destructive interference is less pronounced
than in the TE case.
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Figure 12. Normalized electric field (in logarithmic scale) calculated in the xy-vertical plane
for z = 0 µm (i.e., in the middle of the antennas) for the TE polarization. The link distance is
dlink = 100 µm, and different values of the thickness d are considered, namely: (a) d = 0.5 µm,
(b) d = 0.9 µm, (c) d = 3 µm, and (d) d = 4 µm. The antennas are denoted by the black lines. The
wavelength is λ = 1.55 µm.
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Figure 13. Normalized electric field (in logarithmic scale) calculated in the xy-vertical plane
for z = 0 µm (i.e., in the middle of the antennas) for the TM polarization. The link distance is
dlink = 100 µm, and different values of the thickness d are considered, namely: (a) d = 0.5 µm,
(b) d = 0.9 µm, (c) d = 3 µm, and (d) d = 4 µm. The antennas are denoted by the black lines. The
wavelength is λ = 1.55 µm.

As mentioned before, the dominant electromagnetic field components of the radiated
waves are different for the two polarizations. In particular, EΦ and Hθ are the dominant
components for the TE polarization, whereas Eθ and HΦ are the dominant ones for the
TM polarization.

The electromagnetic propagation in the multilayer structure can be regarded as the
superposition of multiple reflected and transmitted rays at the different interfaces (e.g.,
silicon–silica, silica–polymer, polymer–air interfaces), each characterized by different Fres-
nel coefficients. The effect of the multipath propagation is, therefore, different for the
two polarizations, given that the Fresnel coefficients are different. In particular, when the
cladding thickness is small, the recombination of the multiple rays is, in general, destructive
in the cladding layer, and the field tends to be radiated toward the Si bulk layer. Therefore,
the transmittance at the receiving antenna is lower than that in free space.

When the cladding thickness is increased, the point-to-point link in the multilayer
shows an increased transmittance with respect to that in free space, especially in the case of
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TM polarization. This is due to an almost guiding effect that occurs in the overlayer, where
the multipath composition is, in general, constructive. The increase in the transmittance
and its dependence on the cladding thickness are more pronounced for the TM case because
of the different Fresnel coefficients in the multipath propagation.

Another degree of freedom in the analysis of on-chip wireless communication is
the cladding refractive index. Figure 14a,b show for the TE and the TM polarizations,
respectively, the transmittance calculated as a function of the link distance for different
cladding refractive indices. As can be seen in Figure 14, the variation in the cladding
refractive index does not significantly change the transmittance for the TE polarization
(Figure 14a). For the TM polarization, the transmittance at the receiving waveguide is
almost the same for nclad = 1.492 and for nclad = 1.592, whereas it is lower when the cladding
refractive index is equal to that of the SiO2 substrate (red dashed curve of Figure 14b).
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Figure 14. Transmittance in dB, which is calculated at the receiver waveguide as a function of the
link distance for different values of the cladding refractive index: (a) TE and (b) TM polarizations.
The black curves denote the transmittance calculated by the Friis transmission equation for a point-
to-point link in a homogeneous medium (with refractive index nSiO2 = 1.445). The cladding thickness
is d = 3 µm, and the wavelength is λ = 1.55 µm.

The proposed Vivaldi antenna is a non-resonant structure, and it can allow broadband
communication between two nodes in an optical network on chip. As an example, Figure 15
shows the transmittance calculated at the receiving antenna as a function of the wavelength,
for the TE (solid curve) and the TM (dashed curves) polarizations. In this case, the link
distance is dlink = 100 µm, and the PMMA is considered to be a cladding polymer (thickness
d = 3 µm) in the multilayer structure. As Figure 15 shows, the transmittance is almost
constant with the wavelength (variation in less than 0.6 dB for both the polarizations),
covering the entire C-band. Given the broadband behavior, the proposed antenna is suitable
for the implementation of WDM schemes in on-chip communication.

Given the higher transmittance for the TM polarization with respect to the TE one, the
overall performance on the point-to-point link can be significantly improved by selecting
the TM mode in input to the transmitting antenna. This opens new possibilities for the
design of on-chip optical wireless interconnection networks, provided that the polarization
selection is implemented at the input of the waveguide feeding the antenna (e.g., through
TM grating couplers or polarization rotators).
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Figure 15. Transmittance in dB, which is calculated at the receiver waveguide as a function of
wavelength for the TE (solid curve) and the TM (dashed curves) polarizations. The link distance is
dlink = 100 µm, and a multilayer structure with PMMA as cladding polymer and cladding thickness
d = 3 µm is considered.

4. Conclusions

An integrated dielectric Vivaldi antenna has been proposed for point-to-point on-chip
communication links. The antenna is constructed with a SiN slot waveguide tapered
according to a Vivaldi profile, and it is directly coupled to an input SiN strip waveguide.
The design criteria to optimize the antenna gain are defined in relation to the geometrical
parameters of the Vivaldi-shaped slot waveguide and to the antenna length. The designed
antenna exhibits the same high gain for both the TE and TM polarizations, (i.e., 23.8 dB
and 23.52 dB for the TE and the TM modes, respectively).

The analysis of point-to-point communication links between two Vivaldi antennas
has been reported by considering the electromagnetic propagation in on-chip multilayer
structures, with different thicknesses and different refractive indices of the cladding layer.
It has been shown that, when the antennas are fed with TM-polarized modes, lower
propagation losses are achieved.

Given that the Vivaldi antenna is a non-resonant structure, it can allow broadband
communication between two nodes in OWiNoCs, thus allowing the implementation of
WDM schemes in on-chip communication.
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