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ABSTRACT

Major advancements in the fields of electronics, photonics and wireless communication have enabled the develop-
ment of compact wearable devices, with applications in diverse domains such as fitness, wellness and medicine. In
parallel, nanotechnology is enabling the development of miniature sensors that can detect events at the nanoscale
with unprecedented accuracy. On this matter, in vivo implantable Surface Plasmon Resonance (SPR) nanosen-
sors have been proposed to analyze circulating biomarkers in body fluids for the early diagnosis of a myriad
of diseases, ranging from cardiovascular disorders to different types of cancer. In light of these results, in this
paper, an architecture is proposed to bridge the gap between these two apparently disjoint paradigms, namely,
the commercial wearable devices and the advanced nano-biosensing technologies. More specifically, this paper
thoroughly assesses the feasibility of the wireless optical intercommunications of an SPR-based nanoplasmonic
biochip -implanted subcutaneously in the wrist-, with a nanophotonic wearable smart band which is integrated
by an array of nano-lasers and photon-detectors for distributed excitation and measurement of the nanoplasmonic
biochip. This is done through a link budget analysis which captures the peculiarities of the intra-body optical
channel at (sub) cellular level, the strength of the SPR nanosensor reflection, as well as the capabilities of the
nanolasers (emission power, spectrum) and the nano photon-detectors (sensitivity and noise equivalent power).
The proposed analysis guides the development of practical communication designs between the wearable devices
and nano-biosensing implants, which paves the way through early-stage diagnosis of severe diseases.

Keywords: Smart Wearable Band; Implantable Nanoplasmonic Biochip; Nano-biosensing; Noninvasive Optical
Diagnosis; Optical Wireless Communications; Intra-body Optical Channel Modeling.

1. INTRODUCTION

In the last decade, major advancements in the field of micro- and nano-electronics, photonics, electro-mechanical
systems and wireless communication technologies have enabled the development of compact wearable devices,
with applications in diverse fields such as medical, wellness, sport /fitness, security or even business operation. A
recent report published by the International Data Corporation (IDC) shows 163.6% increase in wearable device
shipments from 28.9 millions units in 2014 to 76.1 million in 2015.! In the same report, IDC forecasts that
worldwide wearable shipments will reach 173.4 million by 2019. Importantly, among all the wearable devices
that have been released so far, the most popular type were medical devices that collect and transmit health-
related data.? The interconnection of medical wearable devices in Body Area Networks (BANs)? is at the basis
of innovative healthcare systems. However, despite their potential, existing wearable devices are only able to
measure very few parameters, such as heart rate, breathing, temperature or blood pressure.

In parallel to these efforts, nanotechnology is enabling the development of novel nanosensors that are able
to detect different types of events at the nanoscale with unprecedented accuracy. Recently, in-vivo nanosensing
systems, which can operate inside the human body in real time, have been proposed as a way to provide faster
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and more accurate disease diagnosis and treatment than traditional technologies.? For the time being, researchers
have successfully employed surface plasmon resonance (SPR) sensors to analyze circulating biomarkers in body
fluids for the diagnosis of deadly diseases, ranging from different cardiovascular and neuronal diseases®® to, more
recently, different types of cancer directly from blood.? '? However, despite the potential of this technology, there
are several limitations in current systems, such as the cost and bulkiness of existing portable systems, which limits
the real-world impact of this technology. In addition, one of the main causes of poor survival of cancer patients
is the late diagnosis which leads to lack of effective treatment. These reflect the urgent need of next-generation
health monitoring and diagnosis systems to overcome the existing challenges and improve the survival of cancer
patients.

In light of these results, in this paper, we propose an architecture to bridge the gap between the aforementioned
two apparently disjoint paradigms, namely, the commercial wearable devices and the advanced nano-biosensing
technologies. This would enable the real-time and early-stage diagnosis of the sever disease, such as cancer,
and will eventually lead to more effective treatment plans. More specifically, this paper thoroughly assesses
the feasibility of the wireless optical intercommunications of an SPR- based nanoplasmonic biochip -implanted
subcutaneously in the user’s body (e.g., wrist)-, with a nanophotonic wearable smart band which is integrated by
an array of nano-lasers and photon-detectors for distributed excitation and measurement of the nanoplasmonic
biochip. This is done through a link budget analysis which captures the peculiarities of the intra-body optical
channel, the strength of the SPR nanosensor reflection, as well as the capabilities of the nanolasers (emission
power, spectrum)'® 14 and the nano photon-detectors (sensitivity and noise equivalent power).!?

When designing communication systems to enable the optical wireless connection between the wearable
device and the implant, there are two fundamental aspects to take into account. On the one hand, from the
communication perspective, the intra-body channel will drastically affect the propagation of optical signals.
From the nanoscale perspective, the body is a collection of different types of elements, such as cells, organelles,
proteins, and molecules, with different geometry and arrangement as well as different electromagnetic (EM)
properties. Despite the challenging propagation of optical signals inside the biological tissues, it is worthy of note
that the absorption of water molecules in the optical frequencies is minimal which makes this spectrum range a
promising technology for biological applications. Moreover, there have been several recent theoretical'®17 as well
as experimental'® 19 studies that prove the fact that certain types of biological cells as well as some synthesized
hydrogels behave as optical lenses which can help to increase the propagation distance of optical signals in
biological environments. On the other hand, from the biological perspective, the radiation and propagation of
optical signals in the body can lead to tissue damage due to photo-thermal effects.?? Moreover , in order to ensure
successful chemical binding between the potential biomarkers in the circulatory system and the SPR nanosensor
material, the implant has to be placed deep enough to be in touch with sufficient blood vessels. Therefore, a
thorough link budget analysis which captures the requirements from both aforementioned perspectives is required,
and this is the main focus of the present paper.

The remainder of the paper is organized as follows. In Section 2, a complete system architecture for the
multilayer cascade model of the skin tissue and the dielectric properties of different layers is presented. In
Section 3, the path-loss and link budget for the optical wireless communication link between the wearable and
the implant is studied. Section 4 contains the numerical and simulation results. Finally, we conclude the paper
in Section 5.

2. SYSTEM MODEL

Figure 1 depicts the architecture of the a wireless communication link between a wearable device (smart wrist
band) and an implanted SPR-based nanoplasmonic biochip in the wrist. The proposed wearable device contains
an array of optical nano-sources and detectors for distributed excitation and measurement of the implanted
nanoplasmonic biochip. This architecture allows us to move all the active components of the system outside
the human body and serves as a nano-to-macro interface between bio-events and the user. The implantable
nanoplasmonic biochip consists of nano-patterns for grating-coupled SPR-based detection of the target biomarker.
The target biomarker is defined by surface-treating the chip to immobilize selected chemicals.

In this section, we first propose a cascade multilayer approximated model for the different layers of the human
skin. This multilayer model enables more tractable calculation of the path-loss and link budget analysis. Then,
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we focus on the light /matter interaction and the wave propagation analysis for the communication link between
the wearable device and implanted biochip based on the proposed multilayer structure.

2.1 Cascaded Multilayer Skin Tissue Model

The human skin is in fact made of tissues that work together as a single structure to perform unique and critical
functions. The skin and its accessory structures make up the integumentary system, which provides the body
with overall protection. The skin is made of multiple layers of cells and tissues, which are held to underlying
structures by connective tissue (Figure 1). The deeper layer of skin is well vascularized (has numerous blood
vessels), while, the uppermost layer of the skin, i.e., epidermis does not contain any blood vessel. In order to
obtain accurate disease diagnosis data, we need to guarantee successful chemical binding between the potential
biomarkers in the circulatory system and the SPR nanosensor material. Therefore, on the one hand, the implant
has to be placed deep enough to be in touch with sufficient blood vessels and fulfill minimum blood/implant
interactions. However, on the other hand, the scattering and absorption losses of the EM radiation through skin
layers in the near-infrared region (780-2500nm) is very high which restricts the achievable penetration depth
within the range of 1-6 mm.2! In view of these results, an optimal depth for the implant has to be found in order
to satisfy the requirements from both the biological and communication perspectives.

In our analysis, we utilize a multilayer cascade model?? for the skin tissue to study the path-loss and link
budget analysis. More specifically, to simplify and approximate the complicated human skin tissue structure, we
consider the path between the wearable and implant as a cascade layered structure of different cell types. As
depicted in the right hand side of Figure 1, we consider four different layers, namely, air, skin (epidermis and
dermis layers), blood, and fat. In this figure, “Th” refers to the thickness of each layer. Moreover, as shown in the
figure, we consider fixed thickness for all layers except for the fat where the implant is considered to be placed
somewhere in this layer. The thickness of the fat layer is further defined as a parameter in our analysis which
is related to the depth of the implant which has to be chosen depending on the required level of blood vessels
in contact with the SPR nanosensor. Furthermore, we consider the implant to be made from gold based on the

wide applications of gold material for the SPR sensors on detection of chemical and biological species.?? 24
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Figure 1: (a) Multilayer cascade model of skin tissue for wearable to implant communication channel modeling.
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2.2 Light/Matter Interactions with Human Skin Tissue

When the light propagates in the biological tissues, there are four main phenomena that might occur as follows:

o Absorption, where the light energy is absorbed and converted to heat as the result of atoms and molecule
vibration. The atoms and molecules have the selective natural behavior of certain light frequency absorp-
tion. The absorption of a certain material is typically defined by a parameter called absorption coefficient,
Laps Which depends on the wavelength of the EM wave.

e Scattering, which can be perceived as deflection of the ray of light from a straight path due to heterogeneous
medium or the interface between two media. As the light experiences scattering, it might be deviated in
different angles (omni direction, forward, or backward scattered) based on the size of the particles compared
to the wavelength of the incident light. Light scattering in biological tissues is well defined by the Henyey-
Greenstein phase function introducing the coefficient anisotropy factor, g. For biological tissues, typically
this parameter is in the range of 0.5 < g < 0.95, which indicates that forward scattering is dominant.
For a more accurate model of light propagation in biological tissues, the reduced scattering parameter,
wl, = (1 — g)us, is used since the light undergoes multiple scattering effect.?®

o Reflection, is the phenomenon where the direction of the light propagation is reflected back to the same
medium as it is originated. For biological tissues, diffuse reflection is most likely to occur. The common
simplification for biological environment is by assuming that the surface is Lambertian.? However, for
smooth and large particle in comparison to the wavelength and in the case of very small illumination areas,
the specular reflection is valid and can be considered as a good approximation.

e Refraction, occurs due to the light traversing via two media with different density. This causes the change
in propagation direction. This phenomenon is described by Snell’s law where ratio of the angle of incident
0; and refraction 6, is proportional to the phase velocities (vy/v2), or equivalently, inversely proportional
to refraction indices of the two media (n2/nq):

sinb; v; Ty

= (1)

sinf, v, n;

It is relevant to note that, the refractive index of a material is related to its dielectric properties through
the equation n(w) =+/p,(w)e,(w) which depends on the wavelength or equivalently on the frequency of the
EM radiation. Since the biological tissues are non-magnetic at the optical frequencies, the value of the relative
permeability, p,, is considered to be equal to one, i.e., the biological materials are not responsive to magnetic
fields. Therefore the real and imaginary parts of the refractive index and the relative permittivity are related to
each other as follows:

er = n(w)? = n,(w)* —ni(w)?* — j2n, (w)ni(w) (2)
where, €, is the complex number of relative permittivity, and n(w) = n.(w) — jn;(w) is the refractive index of
the material at the frequency w = 2nf or equivalently wavelength A. The real part, n,(w), accounts for the
refraction and is usually measured directly, where as the imaginary part, n;(w), deals with absorption and can
be obtained from the absorption coefficient, pqps, as follows:

ni() = frabe Ay /Am 3)

Table 1 summarizes all the parameters of different layers of the our multilayer structure at the wavelength of
1500 nm. The bold-face numbers in the table are collected from the literature (cited in the table for different
materials), and the italic-face numbers are derived from the given properties by using the equation (3).
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Table 1: Dielectric and refractive properties of different materials at A\ = 1500 nm.

Real Part of Imaginary Part of Thickness Relative Absorption g:;;;zs&
Refractive Index | Refractive Index Permittivity Coefficient Coe fﬁcieri
| Material ny-(w) ni(w) t(mm) €r fabs(mm=) | prsea(mm=1)
Air?” 1 0 1 1 0 0
Skin?! 1.41 1.79e-5 1.5 1.87-74.58¢-4 1.50e-1 1.47
Blood?®:29 1.35 3.58e-4 0.25 1.82-j9.67e-4 2.99 5.2e-1
Fat?! 1.46 1.85¢-5 1-5 2.13-73.94e-5 1.13e-1 7.27e-1
Implant3° 0.49 10.353 0.5 -106.94-710.14 8.67e+4 —

3. PATH-LOSS AND LINK BUDGET ANALYSES

In a communication system design, link budget analysis is the essential starting point for estimating the different
losses encountered as the signal propagates from the transmitter to the receiver. A comprehensive and accurate
model that predicts all the losses within the communication link is important for predicting the required trans-
mitter power as well as the required receiver sensitivity. Link budget analysis for the intra-body communications
has been studied in both Terahertz and Optical frequencies.?>3! However, the round-trip link budget in the pro-
posed multilayer cascade model (signal being transmitted from the wearable device, reached to the implant and
being reflected, and finally received back in the wearable device) for interconnecting the wearable and implants
has not been investigated in the literature. In order to perform link budget analysis for the model in Figure 1,
the gains and losses for the path from the transmitter, through the medium (in this case the human skin tissue)
to the implant and back to the receiver must be taken into account. In general, the link budget equation is given
as:

Pr(dBm) = Pp(dBm) + Gp(dB) — Losses(dB) + Gr(dB) (4)

where Pr and Pr are the received and transmitted powers, and G and G are the gains of the transmitting
and receiving antennas, respectively. Losses include all the attenuations with respect to the wave propagation
through different layers of the skin tissue as well as at the boundaries between the two layers that will be further
investigated in the following subsections.

The path loss is contributed by three frequency dependent factors, namely, the spreading loss Lgp,, the
molecular absorption loss L,;s and the scattering loss Lg.,. Every term represents the input to output ratio of
the EM field intensity after traveling through a particular distance in a specific medium. The total path loss in
dB is given by

LPath = Lspr + Labs + Lsca- (5)

o Spreading Attenuation: The spherical spreading of energy causes loss in the EM waves which is quantita-
tively described by the following equation:

1 (4r
Ly = 101ogy, D<A2> (4ra?) |, (6)
g

where A, is the effective wavelength, A/n, (n is the real part of refractive index of the medium), and d
is the distance from the radiation source. This equation has three terms, namely, (47 /A2) which is the
antenna effective aperture; 4rd? which is the spherical spreading loss; and the antenna directivity gain, D,
which is defined as the ratio of the solid angle of a sphere to the radiation solid angle of the antenna, 24

as follows:
D =47/, (7)
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This radiation solid angle depends on the specific radiation pattern of the antenna. For a narrow directional
source with narrow beam width Af and A¢, 24 is given as

Ap (A0
Qp = / / sinfdfdp = Ad(1 — cosAB), (8)
¢=0 Jo=0

where 6 and ¢ are the azimuth and polar angles in the spherical coordinate system, respectively.

o Absorption and Scattering Attenuations: The skin tissue is composed of nanoscale bio-molecular structures
that absorb and scatter the light intensity and eventually affect the propagation of the EM wave radiation.
The total attenuation due the molecular absorption and scattering is given by:

Lys = e(Habs+Hsca)d7 (9)

where d is the distance that the wave traverse, p.ps and ps., are the absorption and reduced scattering
coefficients of the media respectively, which have been explained earlier in Table 1, Section 2.2.

In addition to the loss due the aforementioned phenomena, we need to consider the boundary loss Lyound
which is the attenuation of the EM source intensity when traversing across the boundary of two media. Fresnel’s
equations explain the attenuation of refracted ray as the light travels from one medium to another having different
refractive indices. According to the Fresnel’s law, when the light is propagating from one medium to another,
part of the light is reflected and part of it is refracted at the boundary and travels in the secondary medium
with a different angle accordingly. This behavior depends on the polarization of the incident ray which can be
composed of both s-polarized and p-polarized waves. In our analysis, we consider the ray of incidence is normal to
the plane and hence the s-/p-polarized refraction equations are the same. This requires very directive radiation
pattern of the transmitted wave which is achievable with the state-of-the-art micro-ring lasers.!'®> We define R
and T as the reflectance and transmittance of the lights respectively, which can be obtained as:

R = (|(n1 —na)|/(n1 +n2))?, (10)
T=1-R. (11)

Therefore, the boundary attenuation Lpyyng is given by the following equation
Lbound =10 IOgIO(T)' (12)

Moreover, at each boundary, there will be a portion of light which will be reflected back and the attenuation
caused by the reflection can be given as L.y = 10log;o(R).

4. SIMULATION RESULTS AND NUMERICAL ANALYSIS
4.1 Multiphysics Simulation Results for the Boundary Transition Losses

It is worthy of note that performing the simulation for the entire model in Figure 1 including the path-loss in
frequency domain and time delays for the reflected signals in the time domain are not feasible in a timely manner
due to the very large size of the medium (in the range of millimeters) compared to our wavelength (1500 nm).
However, the transition boundary losses between two media can be simulated by zooming into a very small area
close to the interface of the adjacent layers. Therefore, to further validate our analysis, Figure 2 shows the light
penetration/refection pattern in the boundaries between two different layers in our cascade multilayer model
using a point dipole antenna as the transmitting source. COMSOL Multiphysics?? has been used to perform the
simulations by solving the Maxwell EM equations in the frequency domain. In Figure 2 (a)-(d), the propagation
pattern of the EM wave is shown, and in Figure 3 the path-loss over a cut-line that passes through the antenna
and the center of the media (perpendicular to the boundary) is shown for the transition boundary of air to skin.
It can be observed from Figure 3 that largest loss happens in the boundary of air and skin, i.e., when the light
propagates into the first layer of the skin tissue. This is due the large difference between the refractive indices
of air and skin. The fluctuation in the wave intensity in Figure 3 right before the transition boundary shows
the reflected signal at the air-skin interface. In contrast, as it can be observed from Figure 2, the penetration
loss is much smaller and almost negligible in the boundary of skin and blood as well as the blood and fat layers.
Finally, at the implant, most of the light will be reflected back which is due to the high reflectivity of gold as
will be explained later in the numerical analysis results (Figure 4 in Section 4.2).
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Figure 2: COMSOL Simulations showing the reflection and refraction at the boundary of different layers.
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4.2 Numerical Analysis Results

Algorithm 1, summarizes the MATLAB code for numerical link budget analysis given in Section 3 for the
proposed model in Figure 1 at Section 2.

Algorithm 1 Algorithm to calculate the power received and reflected at different layers

Input: A\, n, d > A: Wavelength, n: Refractive index, d: Thickness of each layer
Habs, Mred D> MUabs sMred: Absorption and Reduced Scattering Coeflicients for each layer
Gi, Gr, Orad > Gt , Gr: Gains of the Tx and Rx Antennas, ¢rqq: Beam width (in radians)
0,04, D, P; > Orqq: Beam width (in radians), D: Directivity, P;: Transmitted power

Output: P, Pt > P,: Power received at each layer, Prop: Power reflected from each layer

to laser
1: for each layer [ do
2 Vi n% > Vi: Velocity at layer [ ; ¢: Speed of Light
3 t1 0
4 t; < Vldil > t;: Time to travel layer [
5: Mas,l < Kabs,l + Msca,l > fias,: Absorption and Scattering Coefficient of layer !
6: end for
7: for each layer [ do ,
8 Lgpry < D x <4ﬂ2§+1) > Lgpry: Spreading Loss at layer !
9 Los, < e HasuXdita > Lgs,: Absorption and Scattering Loss at layer {

2

10: Lyep) < Ry = (%i%ﬁiﬁ) > R;: Reflectance

11: Lyounday < Tr=1—-R > T;: Transmittance

12: Losses; <= Lgpr + Lgs, > Losses;: Total Path-loss at each layer [

13: end for

14: for each layer [ do

15: P+ P 1+ G+ G, —|Losses|

16: P+ P — ‘Lbound7l| > P,.;: Power received at layer [

17: Pregy < P —|Lossesy + ...+ Losses;| —|Lyes,i| —|Lvound, + - - - + Lvound,i—1 > Pregi:
Power reflected from layer [ to laser

18: end for

19: return P, P, ¢

Figure 4a shows the received power in dBm at different layers of the skin tissue, where the transmitted
power from the laser in the wearable device is considered to be 1pyW (—30dBm). The implant is considered
to be placed within 1 mm of the fat layer (Figure 1). The z axis shows the time that it takes for the light to
traverse through the layers and the y axis represents the distance (depth) of the light penetration at different
layers of skin. Figure 4b, shows the received signal power at the wearable device after being reflected at each
layer boundary. A 500fs long Gaussian pulse has been considered for the laser transmission as shown in the
figure. It can be observed in the this figure that the receiver (at the wearable device) receives a weakened copy
of the transmitted signal that has been reflected back at from each of the transition boundaries as defined in
the multilayer model (Figure 1). It can be observed, that the latest received pulse is the reflected signal from
the gold (implant) layer. As it has been shown in simulation results in Figure 2d, due to the high reflectivity of
gold, the reflection loss in this boundary is much lower than the other interfaces and hence most of the energy
of the signal will be reflected. Therefore, as it can be seen in Figure 4b, there is almost 10 dB difference between
the received pulse form implant and the other two closely reflected signals after 20 ps (i.e., from blood and fat
layers). Also, note that the first reflected pulse (from the air-skin boundary), although it has a rather high signal
strength, but it happens very close (in time) to the transmitted signal. Therefore, the received signal from the
implant which includes the desired information, can be distinguished from the other reflection from the cell layer
boundaries either with their time difference or their strength.
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Figure 4: Power received at different layers of the human tissue QP, = 1uW and Beam-width of § = 0.5° |

¢ = 0.5°. Gaussian pulses represent the signals transmitted and received at the detector after being reflected
from each layer boundary of the tissue.

Figure 5a shows the path-loss in dB for the transmitted signal to reach the implant at different depths in
mm, and being received back at the wearable device. It can be observed that path-loss linearly increase due to
the fact that the impact of the absorption and scattering in the fat layer is dominant loss. Figure 5b shows the
received power in pW for a transmitted signal power of 1 pW (—30dBm) versus different depths of the implant.
It can be observed from Figure 5 that for an implant that is placed around 2mm deep in the skin tissue, the

received signal at the receiver experiences almost 60 dB loss, and the received signal exponentially decreases as
we go deeper in skin.

95 3

Round-trip Path-loss (dB)
o
Received Power at the Receiver (pW)

60 ]
55% : : : : : : : : : : ‘ e
2 25 3 3.5 4 4.5 5 5.5 2 2.5 3 3.5 4 4.5 5 55
Depth of the implant (mm) Depth of the implant (mm)
(a) Total Path-loss V/S Depth of the Implant (b) Received Power at Receiver V/S Depth of the Implant

Figure 5: Impact of the depth of the implant with respect to the fat layer thickness ranging from 1mm — 5mm.
The total round-trip path-loss and the total received power at the receiver from the implant layer is shown.
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Finally, Figure 6 shows the path-loss (6a) and the received signal power (6b) versus the beam width of the
transmitted light from the laser in the wearable device. We consider very directional laser with beam widths in
the range of 0.5-5° for both Af, azimuth angle, and A¢, polar angle.!? As it can be observed form this figure,
the path-loss exponentially increases with wider beam widths. It is related to note, that in all of our numerical
analysis we consider a gain of unity for both the transmitter and the receiver antennas. However, both passive
and active gains can be considered in the design of the transmitter and receiver antennas by using optical lenses
or novel massive antenna array designs respectively. Theses gains can compensate the very limited transmitting
powers of the single micro-ring lasers as well as the very high path-loss of the EM radiation in the skin tissue.

-60

Round-trip Path-loss (dB)

Received Power at the Receiver (dBm)

30 I I I I

0 1 2 3 4 5
Beam Width (both 6 and ¢) Beam Width (both 6 and ¢)
(a) Total Path-loss V/S Beam-width (b) Received Power at Receiver V/S Beam-width

Figure 6: Beam-width of the radiation source ranging as ( ¢ = 0.5° —5° | ¢ = 0.5° — 5° ). The path-loss and the
power received from the implant are shown.

4.3 Link Budget Analysis and Required Sensitivity at the Receiver

The path loss at 1500nm (200 THz) for a propagating distance of 3.75 mm which comprises of : 1mm of air
region (distance between the wearable device and the skin tissue), 1.5mm of the skin tissue, 0.25mm of the
blood region and 1 mm of the fat layer (required for the SPR sensor to be in touch with enough amount of blood
vessels) can be obtained from Figure 4 and is equal to 65.59 dB. For the transmitter we consider the micro-ring
lasers whose peak power density is considered to increase up to 720 MW /cm? at wavelength around 1500 nm,
and hence have the transmitting power ranging from few hundred nW to few pW.'2 For our numerical analysis,
we use 1 pW (—30dB m) as the power transmitted. Hence, the Received power based on the link budget formula
(equation (4)) is:

Pr(dBm) = —30(dBm) — 65.59(dB) = —95.59(dBm), (13)

which will be equivalent to 0.31 pW. Considering a SNR of the 10 dB, we have

SNR=Pr— N

(14)
10 =-95.59 - N

The minimum required receiver sensitivity value is —105.59dBm (0.03pW). Note that, the state-of-the-art
superconducting single-photon detectors are capable to detect powers in the range of tens of pW.'> Therefore,
the received power based on our model is still very low to be detectable. This can be improved by considering
high gain antennas (G and Gr) both at the receiving and transmitting sides by novel designs such as utilizing
massive optical nano-antenna arrays.>> The power can also be improved by increasing the number of the antenna
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elements. Note that the 1 pW power that is considered in our analysis is the power of only one single micro-
ring laser, that can be significantly enhanced by incorporating arrays of nano-antenna elements. In light of
these proposed remedies, and by increasing the transmitted power by 30dB, we can achieve the required signal
strength to be detectable at the state-of-the-art superconducting single-photon detectors.'® This can be done
since the laser source (which is the only active part of our proposed architecture) is inside the wearable device
that can be equipped with higher power sources and more antenna elements as well as higher gain antennas.

5. CONCLUSION

In this paper, we proposed an architecture to bridge the gap between the commercial wearable devices and the
advanced nano-biosensing technologies. More specifically, we thoroughly assessed the feasibility of the wireless
optical intercommunications of an SPR-based nanoplasmonic biochip implanted under the wrist, with a nanopho-
tonic wearable smart band which is integrated by an array of nano-lasers and photon-detectors for distributed
excitation and measurement of the nanoplasmonic biochip. This is done through a link budget analysis which
captures the peculiarities of the intra-body optical channel, the strength of the SPR nanosensor reflection, as well
as the capabilities of the nanolasers and the nano photon-detectors. The results show that for an implant which
is placed 1 mm under the skin, there is 65.59 dB loss at the received signal reflected from the implant. It is also
shown that the directivity of the antenna plays a significant role in the penetration loss as it will exponentially
increase the path-loss for wider beam widths. Moreover, there is a trade-off between the depth of the implant to
satisfy both the communication and biology requirements to achieve an accurate data collection from the implant
to diagnose potential diseases. The proposed analysis guides the development of practical communication designs
between the wearable devices and nano-biosensing implants, which paves the way through early-stage diagnosis
of sever diseases.
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