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Abstract—Wireless Networks on Chip (WNoC) consist of mul-
tiple independent cores interconnected by a smart combination
of wired and wireless links. Wired interconnections have progres-
sively moved from electrical tracks to nanophotonic waveguides
in order to meet the demand for faster links. However, wireless
links still largely rely on radio-frequency, millimeter-wave and,
more recently, Terahertz-band communication, which offer a
significantly lower bandwidth than their wired counterparts.
To overcome this limitation, in light of the state of the art in
optical nano-antennas, the use of wireless optical communication
on-chip is proposed in this paper for the first time. Wireless
optical links across cores can meet the demand for much higher
data rates among cores, provide seamless wired and wireless
transitions, and support multicast and broadcast transmissions
among cores enabled by omnidirectional nano-antennas. To
analyze the feasibility of this paradigm, in this paper, a multi-path
channel model for on-chip light propagation is developed. More
specifically, first, the channel frequency response in the case of
line-of-sight propagation is obtained, by capturing the impact of
spreading and absorption of light in silicon-based semiconductor
materials. Then, the non-line-of-sight paths created by reflection
at the material layer interfaces and diffraction at the core
edges are modeled. Finally, a multi-path channel model is
formulated, validated by means of electromagnetic simulations
with COMSOL Multi-physics and utilized to analyze the main
properties of on-chip wireless optical communication.

Index Terms—Wireless Network on Chip; Wireless Optical
Communications; Channel Modeling; Nanonetworks

I. INTRODUCTION

Multicore architectures have become the dominant trend
for both conventional and high-performance computing. These
architectures consist of the interconnection of several indepen-
dent processors or cores, including central processing units,
graphic processing units and memory units. Control signaling
and data sharing among cores requires reliable and energy
efficient communication mechanisms among cores. As the
number of cores within these processing systems increases,
their communication needs rise dramatically and can become
a major bottleneck for the overall system performance.

Similarly to the evolution of computer networks, shared bus
architectures among cores have been progressively replaced
by on-chip wires, switches and routers [1]. The resulting
networks-on-chip or NoCs are designed by following similar
principles and methods as those followed in traditional com-
puter networks, but with different underlying communication
technologies, networking architectures and system-wide ob-
jectives [2]. However, NoCs enabled by traditional electrical

interconnects present fundamental limitations that point toward
a reduced scalability beyond several tens of cores.

As a consequence of such limited scalability, considerable
research efforts have been directed toward extending the
original concept of NoC to other interconnect technologies.
Diverse examples can be found in the literature, including the
employment of vertical vias within stacked architectures [3],
on-chip transmission lines for the transmission of modulated
RF signals [4], or, more recently, nanophotonic interconnects
enabling wired optical on-chip communication [5]. Indeed,
optical on-chip communication has been proposed mainly due
to its outstanding bandwidth and energy consumption capa-
bilities with CMOS compatibility and reduced area footprint.
However, the feasibility of an “all-wired” architecture decays
quickly as the number of cores increases due to the challenges
in creating point-to-point communication between elements or
the limitations of wired architectures to support multi-cast and
broadcast transmissions, among others.

To overcome such limitation, Wireless NoCs (WNoCs) with
native broadcast and multicast capabilities thanks to integrated
antennas have been proposed [6]. For the time being, different
wireless communication technologies have been considered,
including Impulse-Radio Ultra-Wide-Band (3.1-10.6 GHz) [7],
Millimeter Waves (30-300 GHz) [8], and, more recently,
Terahertz-band (0.1-10 THz) communication enabled by novel
graphene plasmonic structures [9]. By increasing the commu-
nication frequency, the benefits are twofold. First, the higher
the frequency, the smaller the footprint of the transceiver and
antenna, and, thus, the easier the integration in the system.
Second, the higher the frequency, the larger the available trans-
mission bandwidth and, thus, the higher the achievable data
rates. Motivated by these observations, and thinking of further
miniaturizing existing integrated antennas and increasing the
interconnect throughput, one question arises: could we create
wireless optical links on-chip?

For many years, the challenges in fabricating precise struc-
tures smaller or at least comparable to the optical wavelengths
limited the possibility of developing antennas ‘“for light”.
However, within the last decade, the field of optical nano-
antennas has experienced a major revolution [10]-[12]. Optical
nano-antennas allow us to control the radiation of light in a
similar fashion as traditional antennas for lower frequencies
have done. Therefore, concepts such as wirelessly multicasting
and broadcasting information at optical frequencies becomes
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a possibility. In addition, the available bandwidth at optical
frequencies and the possibility to perform multiplexing ensure
very high individual data-rates as well as aggregated network
capacities. Moreover, compared to other high-throughput wire-
less technologies, such as graphene-enabled THz communica-
tion, the field of integrated photonics is much more mature. For
example, micro and nano cavity lasers [13]-[15], detectors,
power harvesting nano-devices [16, 17], nanosensors [18],
and modulators [19] have been experimentally demonstrated.
Ultimately, the use of “all optics” would allow us to seamlessly
integrate optical wired and wireless links on chip.

Motivated by these results, we think of wireless optical
communication as a new technology for WNoCs. Still, there
are many research challenges to address, which range from
the integration of nanophotonic sources, modulators, anten-
nas and detectors on chip, to the development of practical
communication and networking solutions for on-chip networks
tailored to light communication. Among others, in order to
analyze the feasibility of this approach, it is necessary to un-
derstand the propagation properties of on-chip wireless optical
signals. Existing channel models cannot directly be utilized
in this new paradigm. On the one hand, channel models for
lower frequency bands such as [20, 21] do not capture the
propagation phenomena affecting optical signals, including
absorption, reflection and diffraction. Similarly, the existing
channel models for free-space wireless optical systems do not
capture the impact of material transitions in chip or diffraction
at the core edges.

In this paper, we develop a multi-path channel model for on-
chip light propagation. More specifically, first, we develop a
mathematical framework to model the multi-path propagation
of wireless optical signals on chip. On the one hand, the chan-
nel frequency response in the case of line-of-sight (LoS) prop-
agation is obtained by analyzing the impact of spreading and
absorption of light in silicon-based semiconductor materials.
On the other hand, the non-line-of-sight (NLoS) paths created
by reflection at the material layer interfaces and diffraction at
the core edges are modeled. The developed analytical model is
validated by means of frequency domain electromagnetic (EM)
simulations with COMSOL Multi-physics [22]. The validated
model is then utilized to analyze the main properties of on-
chip wireless optical communication.

The remainder of this paper is organized as follows. In
Sec. II, the multi-path channel model is analytically derived,
by taking both into account LoS and NLoS propagation. The
model is validated by means of simulations in Sec. III, and
numerical results are provided to illustrate the behavior of
the on-chip wireless optical channel. Finally, the paper is
concluded in Sec. IV.

II. MULTI-PATH CHANNEL MODEL

To enable practical wireless optical communication in
WNoCs, we need to understand and characterize the main
phenomena affecting the propagation of such signals. In Fig. 1,
we illustrate a side view of a silicon chip, with the standard
layer thickness and material properties. In this section, we
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Fig. 1. Side view of the propagation medium, i.e., a standard CMOS chip.

develop a multi-path channel model by taking into account
both line-of-sight (Fig. 4(d)) and non-line-of-sight rays on-
chip.

A. Line-of-sight Propagation

The two main phenomena affecting the line of sight prop-
agation of wireless optical signals are the spreading loss and
the absorption loss. More specifically, the channel frequency
response Hp,g is given by

HLOS(f7 d) = Hspr(fvd)Habs (f; d)» (1)

where f refers to frequency, d stands for distance, and Hy,,
and H,,s are the spreading loss and the absorption loss,
respectively.

1) Absorption in Si0O,: When EM radiation interacts with
a semiconductor (Si0, in our case), the optical properties
of the material are revealed. The optical properties utilized
to describe semiconductors are the absorption index, the
refractive index and the band-gap. The absorption coefficient
measures the distance photons travel within a material before
being absorbed, and depends on the radiation frequency or,
equivalently, the photon energy E = hf, where h is the
Planck’s constant. In our application scenario, the optical
absorption coefficient K of SiO,, is given by [23, 24]:

(E—E;p)

K =ape o, 2

where og = 1.5-10% cm™!, E; = 2.2 eV and Ep= 65meV.
These have been determined from by a least-squares fit of (2)
to the experimentally measured data in the absorption range
of K <5-103¢m~! [23]. In Fig. 2, we illustrate the optical
absorption coefficient K as a function of frequency. From the
figure, it is clear that as the oxygen content increases, the band-
gap increases and absorption decreases, such that for a given
frequency, absorption coefficient of Si is higher than that of
Si0s. Finally, from the absorption coefficient, the absorption
loss can be computed as:

Hal ) = ex0 (=3 (1)), ®
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Fig. 2. Absorption coefficient K

2) Spreading: The spreading loss Hyy,, accounts for the
attenuation due to the expansion of a wave as it propagates
through the medium. Existing optical nano-antennas demon-
strated to date resemble miniature dipole antennas and radiate
almost isotropically [11, 25, 26]. Therefore, the assumption of
spherical propagation, the spreading loss can be obtained as

Hope(f,d) = (\/ﬁfd> exp (—j27rfcd> , (4)

where c stands for the speed of light in vacuum, and n is the
refractive index of the medium. The refractive index of SiO,
is given by [27]:

Eo-Ba_ 4 (5)

=09
" B-p

where F; =17.15 eV is the dispersion energy and Ey =
11.5 eV is the average excitation energy. The LOS rays are
depicted in Fig. 4(a).

B. Non-line-of-sight Propagation

In addition to the LoS path, NLoS paths occur both due to
the reflections at the interface between material layers as well
as due to diffraction on the on-chip cores. We next formulate
an analytical model for NLoS propagation on-chip.

1) Reflection: We consider first the reflection at the in-
terface between two material layers. If we denote r; as the
distance between the transmitter and the reflecting point or
reflector, and r5 as the distance between the reflector and the
receiver, then the frequency-dependent transfer function of the
reflected ray propagation, H,.y, is given by:

Href (f? d) =

c

e (\/Ef(zl + 1)

) e_jQ‘n’fTref_%K(f)(rl'i'r?)’

(6)

where 7,..p = . is the time-of-arrival of the reflected
ray and 7/ is the modified reflection coefficient according
to the Kirchhoff scattering theory [28]. Here, we focus on
the Transverse Electric (TE) part of the EM wave since its
perpendicular to the plane of incidence, but a similar analysis
can be conducted for Transverse Magnetic (TM) modes. The

n(ri+ra)

modified reflection coefficient captures the reduction of the
signal power in the specular direction and for rough surfaces
it is given by [29]:

TR = PTTE, (7)
where rrg is the Fresnel reflection coefficient for a smooth
surface and p is the Rayleigh roughness factor:

p=e 2, (8)
g (47rfarccos0i>27 ©)

[N

n

where 0; is the angle of incidence and o is the standard
deviation of the surface roughness. In our analysis, we consider
that the interface between two material layer is effectively
smooth, i.e., o < %. Finally, rrg is given by:

Zocosl; — Z cos b,

= 10
'TE ZocosO; + Z cos b’ (10)
where 0; is the angle of refraction:
Z
0, = sin~! (ZO sin 0i> , (11

Zy = 377 Q1 is the free space wave impedance and Z is the
wave impedance of the S70,,. This is can be obtained as [28]:

Zo
KA\2 _ onkA
V= () - 2
where A is wavelength of incident wave. rp g is illustrated in
Fig. 3(a). These rays are depicted in Fig. 4(b).
2) Diffraction: In our scenario, diffraction appears when
the radiated EM wave is obliquely incident on the edge of one

of the cores on chip. The diffraction channel transfer function,
Hg;yz, is given by:

Hgip(f,d) =

7 =

(12)

D < % ) e*j2ﬂ'f7'dif*%K(f)(d1+d2)7
vV 47Tf(d1 + dg)
(13)

where the diffraction coefficient, D, characterizes the loss that
is created in addition to the LoS propagation attenuation, d
is the distance between the transmitter and the diffracting
point, ds is the distance between the diffracting point and the
receiver, and 745 = M is the time-of-arrival of the
diffracted ray.

The diffraction coefficient D can be mathematically ob-
tained by means of geometrical theory of diffraction, which is
an extension of geometrical optics [30, 31]. We focus on the
case in which the radiated EM wave is obliquely incident on
an edge of an element with finite conductivity. Given that the
medium being considered is homogenous, the diffracted ray is
still a straight line (i.e., it does not bend).

First, we consider the two-dimensional case in which the
edge is a point on a straight line and the incident rays lie
in planes normal to the edge. Let us consider only one of
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Fig. 3.

a) Reflection coefficient r7g (10) at 193 THz, b) Diffraction coefficient D (13) at 193 THz, ¢) Diffraction coefficient D (13) at ¢/ = 30 °.

Simulations with COMSOL Multi-physics, as described in Sec. III, are conducted to validate the analytical models.

such planes, which contains both the incident ray and the
diffracted ray. These rays are depicted in Fig. 4(c) (side view)
and Fig. 4(d) (top view). The incident ray can be described
in spherical coordinates as (di,fy,¢’) and, similarly, the
coordinates of the diffracted ray are given by (d2, ™ — 5o, ¢).
Bp refers to the grazing and near grazing incidence along the
edge or the angle between the incident ray and the edge (5 in
this case). The angles between the incident and diffracted rays
and the tangent to the surface are ¢ and ¢, respectively. Here
the wedge angle is (2 —n)m. If n = 3, the wedge has interior
right angle, if n = ﬁ, M = 3,4,5, ..., we have interior acute
angles. If n = 1, the edge vanishes for the entire plane.

For this geometry and notation, the diffraction coefficient is
given by [30, 31]:

s

. _ —exp[=i(5)]
D(¢,¢', o) = 2n/ 27k sin By

-km(ﬁ+%:”M>quﬁw—¢m
+ cot (7T + (2¢n_ ¢) ) FlkLa™ (¢ — ¢')]
+ (cot (W) FlkLa* (¢ + ¢)]

+ cot (W) FlkLa™ (¢ + ¢")])],

(14)
where k is the wave vector,
PK}()::ijcgexpLLY)j/ exp(—jr2)dr,  (15)
VX
which involves the Fresnel equation, and
2nTNE —
a*(B) = 2cos? (M) (16)

is a measure of the angular separation between the field
point and a shadow or diffraction boundary, in which N+ are
the integers which satisfy the following equations:

2niNtT — (B) =7, 2ntN~ — (B) = -7 (17)

with

B=o¢+¢. (18)

It is apparent that N*, N~ each have two values. L is a

distance parameter, which can be determined for several types
of illumination. Here for spherical-wave incidence we have:

dl d2 .2

= sin” fo.

di +do Po

The diffraction coefficient D is illustrated in Fig. 3(b) and (c)

as a function of diffraction angle and frequency respectively.

19)

C. Multi-path Model

By combining the above models in (1), (6), and (13), the
multi-ray model can be rearranged as:

) = |mfds exp (=K (s )

Nreg c

'rs (\ﬁf(ﬁ +72)

)e;Kmﬁﬁm

q

di+d3)

)

( n )e;Km<
VAT f(dy + da)

u

(20)

where N, is the total number of reflected rays and Ng; ¢ is
the total number of diffracted rays. The presence of LoS as
well as the number of reflected and diffracted rays depend on
the specific chip geometry, such as thickness and arrangement
of layers and number and location of cores, among others.

III. SIMULATION AND NUMERICAL RESULTS

In this section, we validate the developed analytical model
for on-chip wireless optical communication by means of
EM simulations. Then, by utilizing the developed model, we
analyze the total channel response and path-loss as a function
of frequency and distance.

A. Model Validation

We utilize COMSOL Multi-physics to simulate the prop-
agation of wireless optical signals in a multi-layered het-
erostructure such as that given in Fig. 1, with the specified
thickness and material properties for each layer. An ideal on-
chip optical source is emulated by means of an active arctic
port. The signal at different distances is measured by means of
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Fig. 4. Propagation models between the transmitter (Tx) and the receiver (Rx).
(a) Line-of-sight or direct ray propagation. (b) Reflected ray propagation.
(c) Diffracted ray propagation from side view at wedge with n = % (d)

Diffracted ray propagation from top view at wedge with n = %

point probes. A frequency-domain EM simulation is conducted
between 50 THz and 300 THz (X between 1 and 6 pm).

First, we focus on the analysis of the system response at
a fixed distance of d = 40 um. In Fig. 6, we illustrate
the channel frequency response |H(f,d)|* both simulated
with COMSOL and analytically obtained from (20). For the
analytical model, we extract the reflection and diffraction
points from the simulation, and utilize (6) and (13) to compute
the paths strength at the receiver.

More specifically, in our simulations, we define a quarter
circular arc port to emulate the radiation of an omnidirectional
nano-antenna. This is then divided into narrower sub-arcs to
perform ray tracing calculations of the reflected and diffracted
rays. We set the number of these sub-arcs (NV,.y and Ng;y)
to an arbitrarily large number (100 in these results) for
accuracy. Note that this number could be reduced to reduce
the computational complexity, at the cost of lower accuracy.
For each sub-arc value, the radiated ray r; and its reflected
ray ro are obtained by finding the reflection point at the
boundary. Knowing the thickness of the layer, the port angle
and the position of both the transmitter and the receiver,
r1 and its reflected ray ro are obtained using trigonometry.
This task is done for each ray, i.e., N,.y times until we
calculate all reflected rays. A similar strategy is followed for
the computation of the diffracted rays, but now starting from
the both LoS and the reflected rays. In particular, the rays r
are now d; in our diffraction calculations. From the position of
the sub-arc and their angle, the incident angles ¢’ at the edge
of the core are obtained. We define a line across the layer as
a lets say probe to see which point has the highest value of
signal to keep it as the of diffracted ray path and its position.
By knowing that angle of diffraction ¢ and dy are obtained.
This task is done Ng;¢ times. Fig. 5 illustrates the described
procedure.

After the validation of the propagation properties, we nu-
merically investigate the path loss.

Port Rota*on

Fig. 5. Ray tracing simulation from transmitter to receiver. (a) Reflected and
diffracted ray tracing. (b) Port rotation at transmitter. (c) Diffraction edge and
ray tracing at the edge.
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Fig. 6. Channel frequency response |H (f)|? at d = 40um.

B. Path Loss

We utilize the developed channel model to analyze the path
loss at optical frequencies on chip. In Fig. 7, the total path
loss is shown as a function of frequency and for different
transmission distances, which is given in dB by

A(f,d) = 201log (H(}d))

where H is the channel frequency response given by (20).
The path loss can easily go above 100 dB for transmission
distances in the order of just a 100 pum. Total path loss in-
creases with both the distance and the frequency and decreases
with increasing oxygen content of SiO, due to its absorption
coefficient. The fluctuation in the path-loss is mainly related
to the constructive or destructive addition of the reflected
and diffracted rays at the receiver points. By increasing the
distance, the fluctuation decrease such that if we only calculate
the LOS signal, we will have smooth figure for path-loss.

3y

IV. CONCLUSIONS AND FUTURE WORK

On-chip wireless optical communication among cores has
been proposed as a mechanism to enable high-speed, multicast
and broadcast links for control signaling and data sharing in
WNoC. In this paper, the first steps towards assessing the fea-
sibility of this new communication and networking paradigm
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Fig. 7. Path loss of the wireless optical channel as a function of frequency
for different transmission distances.

have been taken. In particular, we have developed the first
multi-path channel model for wireless optical communication
on-chip, by taking into account the spreading and absorption
in silicon for line-of-sight propagation and, in addition, the
reflection at the layer interfaces and diffraction at the cores’
edges for non-line-of-sight propagation. The developed model
has been validated in a specific on-chip scenario by means
of electromagnetic simulations, and path-loss numerical cal-
culations have been developed to analyze the feasibility of
this technology. The results show that optical wireless links
on chip for up to several millimeter distances are possible, in
part thanks to the reflected rays. Our future work includes a
time-domain analysis of the channel and the study of delay
spread and coherence bandwidth, prior to the development of
tailored physical layer solutions.
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