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Abstract: Nanosized devices operating inside the human body will eventually facilitate transformative health monitoring and
diagnosis systems. The interconnection of these implantable nanosensors forms an in vivo wireless nanosensor network
(IWNSN), which allows autonomous data transmission and enables sensing, coordination, and control among its entities. In
specific, with the development of miniature plasmonic signal sources, antennas and detectors, wireless communications among
nanodevices points towards the terahertz band (0.1-10 THz) as a suitable platform and feasible wireless range to initiate
intrabody communication. In this study, a rigorous channel model for intrabody communication in iWNSNs is developed. The
total path loss is computed by taking into account the contribution of the spreading of the propagating wave, molecular
absorption from human tissues, as well as scattering from both small and large body particles. The presented model is further
complemented by investigating the photo-thermal interactions which arise from absorption at the THz frequency band. The
aforementioned study which analyzes the propagation of electromagnetic signals inside the human body is fundamental to
assess the feasibility of the THz frequency band, determine the requirements and controlling parameters of a THz intrabody

system as well as highlight the health issues correlated with operating at such frequencies.

1 Introduction

The engineering community is witnessing a new frontier in the
communication industry. Among others, the tools provided by
nanotechnologies enable the development of novel nanosensors
and nanomachines. On the one hand, nanosensors are capable of
detecting events with unprecedented accuracy. On the other hand,
nanomachines are envisioned to accomplish tasks ranging from
computing and data storing to sensing and actuation [1]. Recently,
in vivo nanosensing systems have been presented to provide fast
and accurate disease diagnosis and treatment. These systems will
be capable of operating inside the human body in real time and will
be of great benefit for medical monitoring and medical implant
communication [2].

Despite the fact that nanodevice technology has been
witnessing great advancements, enabling the communication
among nanomachines is still a major challenge. Classical
communication paradigms need to undergo a profound revision
before being used in nanonetworks. One of the mechanisms being
comprehensively investigated is molecular communication [3],
which is based on the exchange of molecules to transmit
information. However, there are still many fundamental challenges
to address, including the development of methods to overcome the
very long latency in molecular systems or the potential interference
with biological molecular processes. Ultrasonic communication,
based on the use of very high frequency acoustic signals, has also
been recently introduced [4]. Nonetheless, for the time being, the
size and power limitations of ultrasonic acoustic transducers pose a
major challenge in their integration with biological nanosensors.

From the electromagnetic perspective, the miniaturisation of a
conventional metallic antenna to meet the size requirements of a
nanosensor results in very high resonant frequencies, in the order
of several hundreds of terahertz (THz or 10!2 Hz). Accordingly,
novel plasmonics has been recently proposed for wireless
communication among nanodevices [5]. These nanoantennas
enable the wireless interconnection amongst nanosensors deployed
inside and over the human body resulting in many nano-biosensing
applications [6]. For the time being, several works exist pointing to
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both the terahertz band (0.1-10 THz) as well as the infrared and
optical transmission windows [7, 8]. While the majority of nano-
biosensing applications rely on the use of light, the propagation of
THz signals within the human body remains largely unknown.

In this study, a novel channel model for intrabody
communication in the THz band is presented. In particular, a
mathematical framework is developed to compute the path loss by
taking into account the spreading of the propagating wave,
absorption from different types of molecules, as well as scattering
of both the cells and the medium background. The proposed
framework verifies the feasibility of using the THz band to
establish in vivo wireless nanosensor networks (iWNSNs). An
earlier version of this work is available in [9]. In addition, for the
completeness of the work, the effect of molecular absorption is
further assessed. In specific, the impact of molecular vibration due
to the absorption is captured by analysing the heat generation and
temperature increase experienced by cells exposed to THz
electromagnetic radiation. This photo-thermal effect at THz
frequencies is controlled by certain parameters including the THz
signal duration and strength. Thereby, the results attained will have
benefits from both the communication as well as biomedical
perspectives in which efficient intrabody communication strategies
could be developed and various in-vivo applications could be
enabled. The rest of the paper is organised as follows. In Section 2,
we discuss intrabody wave propagation losses considering the
effect of spreading, molecular absorption as well as scattering. In
Section 3, absorption is analysed by evaluating the temperature
increase witnessed as a result of the intrabody particles’ vibration.
In Section 4, the numerical results of the mathematical models are
illustrated and validated via electromagnetic wave propagation
simulation. Finally, we draw our conclusions in Section 5.

2 Characterising THz intrabody propagation

The total path loss in the THz band is contributed by three
frequency-dependent terms: the spreading loss factor Lg,(f), the
molecular absorption loss factor L,,(f) and the scattering loss
factor Ly.,(f). Each of these terms represents the ratio of the output
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to input powers for a particular intrabody distance. More
specifically, the total attenuation factor is given by

Ltot(f) = Lspr(f) + Laps (f) Ly (f) . (D

The analytical model which will be presented in this study focuses
on the frequencies between 0.1 and 10 THz or, equivalently,
wavelengths between 30 um and 3 mm. Moreover, since the THz
band lies in the middle ground between microwaves/millimeter
waves and infrared, both frequency (f) and wavelength (1) are
common notations.

2.1 Intrabody path loss due to wave spreading in human
tissue

Electromagnetic waves suffer from the spreading of energy, which
is quantitatively described in the case of spherical propagation by
the well-known inverse-squared distance function

2

Ag \
Lspr = D(m) 5 (2)
where 4, is the effective wavelength, A/n’, n’ and n’’ are the real

and imaginary parts of the tissue refractive index n, respectively.
The tissue refractive index » is given by

n=n"—jn". 3)

It is worth noting that n = \/e_r, where ¢; is the relative permittivity.
The relative permeability is accounted for u. =1 since the
biological tissues show almost no magnetic behaviour [10].

The directivity, D, refers to the maximum gain of the
nanoantenna and is given by the ratio of the maximum power
density P(6, $)max in (W/m?) to its average value over a sphere, as
observed in the far field of an antenna. Thus

PO, D)
D=0 @

From [11], the final form of the directivity is given by

p=__ 4 _4r
T [ PaO.p)dQ T Q4 (5)

where P,(0, $)dQ = P(0, ¢)/P(0, p)max is the normalised power
pattern, and Q4 refers to the radiation solid angle. This angle
depends on the specific radiation diagram of the source and
antenna being used. For example, for a directional source with a
narrow beam of width A9, Q, is given as

21 A0
Q= f / sin6dfd¢ = 27(1 — cos Af). ©6)
$=0Jo=0

A more realistic approach which mimics a THz source would be to
consider a light source with a Gaussian beam which has a radiation
pattern given by [12]

Eg= %(1 + cos6). @)

Since the radiated power, P, is proportional to Ej, the solid angle,
Q4 of a Gaussian beam of width A# is given as

27 AO
QAzf / l(1+200$67+coszﬁ)sin0d9dgl)
$=0 9:04
(®)
8_
3

1

3
308 AO)|.

= % (cos AG + cos’Af +
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2.2 Intrabody path loss due to molecular absorption by
human tissue

Molecules present in a standard medium are excited by
electromagnetic waves at specific frequencies within the THz band.
An excited molecule internally vibrates, in which the atoms show
periodic motion, while the molecule as a whole has constant
translational and rotational motions. It must be noted that the THz
waves are non-ionising in which they induce vibration, but cannot
break molecules. Due to this vibration, part of the energy of the
propagating wave is converted into kinetic energy or, from the
communication perspective, simply lost. Hence, molecular
absorption is calculated by computing the fraction of the incident
electromagnetic radiation that is able to pass through the medium
at a given frequency. Using the Beer—Lambert law [13], attenuation
due to molecular absorption for an electromagnetic travelling wave
at a distance, d, is given by

Lps = eiﬂabSds (9)

where pp,, is the molecular absorption coefficient. This coefficient
depends on the composition of the medium and was first
introduced and computed for gas molecules by Jornet et al. in [14].
In the context of intrabody communications, the same approach is
followed since the body is composed of nanoscale biomolecular
structures. These include chromophores, which are compounds in
our tissues responsible for absorbing light radiation. Each molecule
has a spectrum of absorption that can quickly change even for
small wavelength variations. The disruption of the medium optical
uniformity can be expressed in the non-uniformity of the refractive
index throughout the medium [15]. Hence, the molecular
absorption coefticient can be calculated using

4zn'’
Habs = 1

(10)

g

To estimate the absorption coefficient, we can follow two different
strategies. On the one hand, we can model the absorption from
individual particles. The efficiency of a particle to absorb radiation
can be expressed by the absorption efficiency

Oabs

Mabs = e P (11

where oy, is the molecular absorption cross section and o, = ar’ is
the geometric cross section. The absorption coefficient, p,y,, can be
then obtained as

N,
Habs = Vzrlabs”g’ (12)

where N, is the number of particles in volume V. At this stage, the
main challenge is to estimate the value of 7, This is a rather
complex task, especially when different types of molecules with
different frequency responses are considered. It is to be noted that
such a relation holds in the particular situation of spherically-
shaped particles having the same radius, .

On the other hand, provided that we are dealing with a large
number of molecules, it is common to consider the effective
medium assumption. In specific, the dielectric response in the
frequency domain of tissues having high water content can be
characterised by the Debye relaxation model [16], which describes
the reorientation of molecules that could involve translational and
rotational diffusion, hydrogen bond arrangement, and structural
rearrangement. For a pure material, multiple Debye processes are
possible where the complex permittivity is described by [17]

c Ae
e(w) = € t+ JZ} TjWTj’ (13)
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Table 1 Permittivity and relaxation time values

Model €oo € € 7, PS 7,, PS
water [19] 3.3 78.8 45 8.4 0.1
whole blood [19] 2.1 130 3.8 14.4 0.1
skin [16] 3.0 60.0 3.6 10.0 0.2

in which e, is the permittivity at the high frequency limit,
Ae =¢€j—¢j,, €; are intermediate values, occurring at different
times of the permittivity, z; is the relaxation time relating to the jth
Debye type relaxation process, and w is the angular frequency
given as 2z f.

Biological tissues are principally an assembly of biological
cells, each with different sub-cellular components that exhibit
different responses and relaxation times. To provide the best
approximation of complex permittivity for polar liquids at
frequencies up to 1 THz, the double Debye equations are used [18]

+ € — €6 € — €x
1+ jor, 1+ jon,”

(14)

e(w) = ¢

Equation (14) is rationalised and the real and imaginary parts of the
complex permittivity are separated as follows:

€ — € € — €x

€@ =t T T wn) (15
/" _ (e —&)(wr) (6, — €x)(0T)
€@ = T wn) 1+ (0r))’ (16)

Using the values in Table 1, ¢'(w) and €’'(w) are computed. These
values are then used to calculate (10) by using the relation in (3)
and knowing that ¢(w) = €¢'(w) — je¢''(w). Thereby, the attenuation
due to molecular absorption, L,,, given in (9) is computed at the
THz band.

2.3 Intrabody path loss due to scattering by human tissue

From the nanosensor perspective, the body is a collection of
different types of composites, such as cells, organelles, proteins,
and molecules with different geometry and arrangement as well as
different electromagnetic properties. Scattering by particles affects
the propagation of the electromagnetic wave due to the deflection
of the beam caused by the microscopic non-uniformities present in
the human body. This propagation phenomenon depends on the
size, shape, and refractive index of the individual particle as well as
on the wavelength of the incident beam [20]. Rayleigh and Mie
theories describe the scattering processes on small spherical
objects. When the scattering particle diameters are smaller than the
wavelength of the propagating electromagnetic wave, Rayleigh
scattering occurs. However, when the particle diameters are
approximately equal to the wavelength of the electromagnetic
wave, Mie scattering takes place [21]. When the objects are large
compared with wavelength, specular, or geometric scattering
occurs [22].

The most important characteristic of a scattered wave is its
intensity, /y,, expressed as [23]

Iieur’sin 0d0d¢p = %ImCS(é), $)sin 0d0dep, (17)

or
Lew = — 1,56, ) 18
sca (kr)2 mnc ) E ( )

where k = 27/ is the wave number of the incident radiation, 7;, is
the incident intensity, and S(0,¢) is the scattering amplitude
function. In addition to the intensity function, the scattering cross
section and the scattering efficiency are needed to characterise the
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scattering loss. To derive the scattering cross section, oy, let the
total energy scattered in all directions by the particle be equal to the
incident beam falling on the area as follows [23]:

21 T
Ogca = p / f Iior’sin 0dOde
Iinc 0 0
1 2 T
=— S(0, ¢)sin 6dOd¢,
(k)2[ [

where the scattering amplitude function, S(0, ¢) of a sphere that
mimics a particle is given by

(19)

2
S(H, (p) - Z:_ﬂ/g[e—lkljsmﬂ(fcom/u-1151n(/)>(1 + cos H)dfdi’[, (20)

in which 2 is the planar aperture. Since both a sphere and an
opaque disk have the same diffraction pattern, the scattering
amplitude of a disk is considered for simplicity as it is independent
of the azimuthal angle ¢

S(0) = % L e k&1 4 cos O)dE. 1)

The integral evaluation is present in [24].

Analogous to absorption, the scattering efficiency, #,,
represents the ratio of the energy scattered by the particle to the
total energy in the incident beam intercepted by the geometric cross
section of the particle and is given by

O,
Nsca = JS_C; . (22)

These values depend largely on the size of the particles. In our
model, we consider the scattering from both small molecules as
well as relatively large cells. The signal attenuation attributes to
scattering is represented by an exponential decay factor that
involves the scattering coefficient, as will be explained in the
subsequent sections.

2.3.1 Scattering by particles: For particles much smaller than the
wavelength, the local electric field produced by the wave is
approximately uniform at any instant. This applied electric field
induces a dipole in the particle. Since the electric field oscillates,
the induced dipole oscillates; and according to classical theory, the
dipole radiates in all directions. This type of scattering is called
Rayleigh scattering [25].

The scattering efficiency of small spherical absorbing particles
is given by [26]

8 n—1Y
i = SR . 23)
where w = 2zr/A, is the dimensionless size parameter of the

particle. Following a similar approach as before, we can now
obtain the scattering coefficient for small particles as

i = o, @4)
2.3.2 Scattering by cells: Scattering by large particles can be
studied by applying van de Hulst approximation, which is also
referred to as the anomalous diffraction approximation [26].

Indeed, the total energy removed from the incident beam, the
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Fig. 1 Blood components

extinction energy, is the sum of the energy scattered and absorbed.
The corresponding extinction efficiency is given by [27]

Next =2 — ;smp + Z(1 —cos p), (25)

in which

large __

NMsca = Mext — Mabs> (26)

where p = 4ar(n — 1)/A, = 2(n — 1)y represents the phase delay of
the wave passing through the centre of the particle. The complete
derivation of (25) can be found in [27]. A good example where
scattering from various components can be illustrated is within the
human blood. As conceptually depicted in Fig. 1, the blood is
composed of various components. Blood plasma is the liquid
component of the blood and is a mixture of mostly water (up to
95% by volume) and tiny particles of dissolved protein, glucose,
minerals, and so forth. It also holds different types of blood cells in
suspension, which are considered as the larger particles of the
blood, namely, platelets (2 um in diameter), red blood cells (7 pm),
and white blood cell (up to 20 pum).

Combining (26) and (25) in (24), we can now obtain the
scattering by large particles as

1 1
Hseit = Pylsca: O - @7
Finally, attenuation due to scattering is obtained from the addition

of the scattering coefficient for both large and small particles and is
given as

Lsc,d —e (”;g;a]l+#]argc)d’ (28)
where d is the propagation distance.

3 Characterising thermal

absorption

intrabody THz

Molecular absorption, presented in Section 2.2, is a phenomenon
that not only compromises the propagation of electromagnetic
signals in the body but results in a photo-thermal effect which
ought to be assessed to analyse its impact on the design of
communication strategies suited to the THz intrabody paradigm. In
particular, due to the electromagnetic radiation of nanoantennas,
the human body particles will seize part of the electromagnetic
energy. Consequently, the absorbed power will activate the
vibration of the particles resulting in heat generation and
temperature increase. This thermal effect could then be converted
into noise by defining the transmission bandwidth. It is to be noted
that in the context of intrabody communication, few works exist in
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the literature [28, 29] that investigate molecular absorption noise;
however, this is the first work which provides insight into the
diffusive heat flow perspective of the intrabody noise.

Our system of interest is composed of a medium full of both
biological cells as well as liquid-surrounded heat sources larger
than tens of nm. The heat sources in this work are considered to be
nanoantennas in nano-biosensing implants in the human body. As
these nanoantennas radiate electromagnetic waves, cells will
capture part of this energy through the process of molecular
absorption. Hence, subsequent to such an exposure, the cells also
become heat sources. The absorbed electromagnetic energy will
then be converted into heat which will result in temperature
increase around the cells. Therefore, the objective of our study is to
compute the total temperature increase in the medium.

When considering the heat generation from an assembly of
particles in close proximity, the temperature increase, AT, will
stem from both self-contribution, AT, as well as external
contributions, AT.y. As a result, ATy, which represents the total
temperature increase experienced by the system is given as

ATy = AT+ ATy, - (29)

On the one hand, the maximum temperature increase due to a
single particle, ATy, is given as

__0
AT, = Axxor’ G0

where Q is the total amount of heat production and x; is the thermal
conductivity of the medium. By the conservation of energy, the
total amount of heat production Q is divided into, Q;,, which

represents the heat generated by the particle and, Q. which
represents the heat dissipated by the particle. Q;, is given by [30]

O = Habslovp, 31

where i, is the particle absorption coefficient which has been
computed in (12), V,, is the particle volume, and I, is the light
intensity. At this stage, the relation between the generated heat and
the molecular absorption path loss could be stemmed following the
relations in (9) and (12). Q. is represented as

dT
Qout = — 4”72Keff5 = 4ﬂrKeffAT, (32)

in which ke = (k, + x/2) is the effective thermal conductivity
which is the average of both the particle and medium thermal
conductivities, respectively. According to the law of conservation
of energy, the amount of heat generated is equivalent to the amount
of heat dissipated. As a result, the change in temperature of the
surface of a particle experiences can be found by equating Q;, and
QOout as follows:

/’labsl OVp

AT = 4ﬂrKeff ’

(33)

On the other hand, AT, results from the heat delivered by the
other N, — 1 particles located at r,, from a reference particle r,, and
can be expressed as [31]

ATex = Z 4m<eff Ir,,—r,,,l (34)

m;&n

where the coefficient, Q,,, describes the heat produced by the N,
particles and each particle is treated as a point-like source of heat.
To develop an expression to the collective temperature increase,
ATy, we follow an approach similar to the one in [32]. To carry

out the derivation, an array of identical particles (Q,, = Q)
extending over a circular area of diameter, D, is considered. The
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unit cell area is, 4, which depends on the particle inter-distance.
Fig. 2 represents the aforementioned system.

The differential heat power delivered by an elementary area
dxdy, located at the position (x, y), is

Fo(e.y) = 0, (35)

This delivered power contributes to a temperature increase at the
centre of the array as

& Ox,y)
&T(x,y) = —===, 36
Y 4rkesy X4y (36)

dZT(x, y) = Qydxdy

— - 37
AnkAVXY + Y 37

By noticing that dxdy =+/x’+y’drdd, the total temperature
increase is given by

ATy = / ’ / "9 g, (38)
o 0 4ﬂKeffA

It must be noted that AT,y excludes the contribution of the source
itself. Therefore, the limits must be interchanged where the integral
will run over the distance from /A/z instead of 0 in order to omit
the contribution of the source area, which yields

Q  (i_2/A
2nxeffJ(A/n)\1 \/;D)' (39)

ATy =

Furthermore, various expressions of AT, exist depending on the
typical array geometry and various illumination conditions. In
general, these formulae follow Govoro's general trend found in
[32] which provide an estimate to the total temperature increase
under various system structures.

4 Numerical results

In this section, we first numerically evaluate the analytical models
for spreading, absorption and scattering presented in Section 2, by
taking into account realistic parameters of the intrabody properties
(summarised in Table 1). We then calculate the total path loss and
validate the results via electromagnetic wave simulations. Later, we
investigate the mathematical formulation given in Section 3 in
order to compute the total temperature increase experienced by the
multiple particles available in the human body and assess its effect
on THz intrabody communication systems.

4.1 Absorption

Fig. 3 illustrates the variation of the molecular absorption
coefficient, p,,,, provided in (10) along with the Debye model
relations provided in Section 2.2 for different human tissues at the
THz frequency band. It is evident from Fig. 3 that the effect of
molecular absorption is more dominant in blood compared with
other types of human tissues, which is expected since blood plasma
is the liquid component of blood contributing to 55% of the body
total blood volume [33]. It must be noted that the reason behind the
high absorption in the THz band is the fact that the rotation
transition of water molecules is located in this band.

4.2 Scattering

As for the effect of scattering, (24) and (27) can be used taking into
consideration the radii of the various body particles as given in
Table 2. It should be noted that the size of the scatterers at THz is
much smaller than the wavelength of the propagating THz wave.
Results of the scattering coefficient, u.,, given in Fig. 4 is almost
negligible compared with its counterpart, absorption, shown in
Fig. 3. This finding makes sense because the scattering effect is
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only significant for wavelengths that are much smaller than
scatterer dimensions, unlike the current case in which we are
investigating scattering at the THz wavelengths. This adds to the
advantages of incorporating the THz band for intrabody
communication because the propagating signal will not suffer from
the scattering effects which are more significant in the higher
optical frequencies. Based on the above finding, only the spreading
and absorption losses contribute to the total path loss at the THz
frequency band (Fig. 4).

4.3 Path loss

In this subsection, the theoretical model presented in Section 2 and
used to calculate the total path loss experienced due to intrabody
wave propagation presented in (1) is validated using COMSOL
Multiphysics. A homogeneous medium with the same parameters
that are used for the theoretical model has been taken to account by
considering a circular cross section composed of the three main
layers of human tissues, namely, skin, blood, and water. A point
dipole antenna is chosen as the electromagnetic wave radiation
source and the wave propagation has been simulated for up to 10
mm far from the antenna for the THz frequencies. The radiated
power by a dipole antenna can be written as

Prag = (an/3) LI/ AP, (40)

where I, is the input current, / is the antenna length and the product
Iyl = 1. The whole medium is enclosed by a perfect matched layer
(PML). The PML is utilised to mimic the infinite environment and
its thickness is half wavelength. The graphical representation of the
model is demonstrated in Fig. 5.

The total path loss between two nanodevices operating at the
THz frequency given in (1) is presented in Fig. 6 for a short range
communication scenario. It can be seen that the developed model
agrees with the finite-element method simulation which proves that
the model is accurate enough. It must be highlighted that due to the
recent advancements in THz technologies, novel THz transmitters
and receivers have been developed facilitating the communication
between nanodevices and opening the door to potentially
biocompatible applications of iWNSNs.

4.4 Link budget analysis

In any 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 transmitter power as well as the required receiver
sensitivity. In radiofrequency system design, link budget
estimations have been studied extensively, ranging from several
hundred MHz for radiofrequency identifications [35, 36] to several
THz for broadband wireless [37].

In the context of intrabody communication, the literature lacks
link budget analysis between nanodevices operating within the
human body. To perform such calculation, the gains and losses
from the transmitter, through the medium (in this case the human
body) to the receiver in a telecommunication system must be taken
into account. The link budget equation is given as

Pr(dB) = Pr + Gt — Losses + Gg, “41)

where Pgp and Pr are the received and transmitted powers,
respectively. Gr and Gg are the gains of the transmitting and
receiving antennas, respectively.

Knowing the relationship between the signal to noise ratio
(SNR), the received power, Pr(dB), and the minimum receiver
sensitivity, a system designer can infer the capability of THz
detectors to capture the intrabody propagating signal. Using the
parameters in Table 3, it can be deduced that a minimum receiver
sensitivity value of —105.8 dBW (26.3 pW) is required. Based on
the available literature, various THz receivers capable of detecting
the incoming signal exist [40—42], verifying the feasibility of
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Fig. 2 System of an ensemble of identical particles extending over a
circular area of diameter, D, with a unit cell area, A
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Fig. 3 Molecular absorption coefficient, u,, for different human tissues
versus wavelength at THz (A = 300 ym to 3 mm)

Table 2 Radii of various body particles [34]

body components radius, m
water particle 1.4x107"
skin cell 30%107°
red blood cell 4x%107°

intrabody communication in the THz band. It is to be noted that
both the THz transmitters as well as receivers have been selected
based on both power and size constraints presenting a suitable
platform for further implementation in intrabody scenarios,
especially for the devices utilising graphene. In the case of
transmitters, on-chip antennas, which are known for occupying
small areas, are used. Likewise, in terms of receivers, transistors
are deployed ensuring a low order of magnitude sizes. The authors
in [43] present a detailed review of the most recent advancements
in THz technologies.

For completeness, the previously presented link budget
calculations have been repeated by taking into account the antenna
gain value of 2.15dBi, as it corresponds to a half-wavelength
dipole antenna which models the expected performance of a
nanoantenna deployed in an intrabody communication scenario.
Hence, a total gain of 4.3 dBi has been added based on (41)
corresponding to the antenna transmit and receive gains,
respectively. The results are illustrated in Table 4. It can be
stemmed that even by taking into account the antenna gain, the
THz technologies are still capable of capturing the propagating
signal through the body.

4.5 Photo-thermal effect

The photo-thermal intrabody temperature effect is computed for
blood in order to illustrate its influence on the various constituents
such as blood plasma and on different types of particles including
platelets, red blood cells, and white blood cells. Hence, the
electrical and thermal properties of blood summarised in Table 5
have been used. It must be pointed out that the original heat source
stems from fields created by a nanoantenna at a given distance.
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a three-layer human tissue: COMSOL multiphysics simulation model
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Fig. 6 Magnitude of total path loss factor, L, at (A= 300um), when
short range communication between (0.01—10 mm) is considered

Table 3 Link budget calculation

Parameter Value Reference
frequency of operation 1THz —
propagating distance 1 mm —
transmit power 1 mw [38, 39]
assumed SNR 10dB —
path loss 65.9dB Fig. 6

Fig. 7 provides the temperature increase experienced by
multiple red blood cells. Such an accumulative effect arises from
the addition of heat fluxes generated by the single particles. The
more the particles, the stronger the temperature increases that
appear in the system. It is evident that for smaller inter-particle
distances, the interaction between the temperature fields is
stronger; the reason behind this is that the time needed for thermal
fields from neighbouring particles to overlap is shorter for smaller
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Table 4 Gain effect on link budget calculation

Table 5 Simulation parameters [44, 45, 46]

range of operation Pr, W receiver sensitivity
THz band 708 pW 70.8 pW

o
3

max[o cl
g
o

e
13

1N
~

0.3

0.2

Temperature Increase, AT

0 .
10 10
Distance, d__[m]
pp

10 107

Fig. 7 Temperature increase due to the collective heating of 1000 red
blood cells at 300 um
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Fig. 8 Time scale for heat diffusion of a single particle

particle—particle separation. In Fig. 8, we plot the heating time
versus the particle—particle separation. It is evident that as this
separation increases, the heating time required also increases. This
observation verifies the decaying temperature curve attained in
Fig. 7.

The results of such observations are further verified by utilising
the COMSOL model provided in Fig. 9. In fact, one of the critical
features that distinguish this software is its bio-heat interface which
is considered a perfect tool for simulating thermal effects in human
tissues and other biological systems. The model provided consists
of a red blood cell suspended in a liquid medium. The thermal
parameters used in COMSOL are analogues to those used in
Matlab and presented in Table 5. Both electromagnetic and time-
dependent bio-heat studies were applied to the constructed model,
having a wavelength of 300 um. A point dipole has been used as
the heating source.

The temperature discrepancies throughout a cell exposed to a
heating duration of 10 ms is presented in Fig. 10. It is perceived
that the cell starts to heat up from the side the antenna radiates
through it, and then the cell itself turns into a heat source and
dissipates the heat to the medium. This finding is verified by noting
that the temperature variation at the cell centre is the highest in
comparison with the cell membrane and to that between the cell
and the antenna.

Although the pulse duration utilised in Fig. 10 is 10 ms, still the
temperature increase is only 1.7°C which alleviates the concerns
associated with THz intrabody applications. In addition, such a
result opens the door towards the THz signal requirements in terms
of duration and strength. The heating time may be further increased
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Parameter Symbol Value Unit

red blood cell thermal conductivity Kp 0.52 W/m/°C
red blood density p 1025 kg/m3
red blood cell specific heat capacity (N 3617 J/kg/°C
blood plasma thermal conductivity Ko 0.58 W/m/°C
light intensity I 104 W/cm2

Time=0.01 s Surface: Electric field norm (V/m) @

%107
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Fig. 9 Single red blood cell exposed to an electromagnetic wave with the
duration of 10 ms and a dipole moment of 1 mA-m

38.7 I
38.6
385
38.4
383
38.2
38.1

38
37.9
37.8
37.7
37.6
375
37.4 |
37.3 -/ —— (0, 0) - at the cell center j
37.2 —— (0, -3.5E-6) - at the cell mebrane i
37.1 —— (0, -7E-6) - between cell and antenna | |

Temperature (degC)

37 L | 1 1 H
0 0.002 0.004 0.006 0.008
Time (s)

Fig. 10 Temperature variation as a function of time experienced at the cell
centre, at the cell membrane and between the cell and the antenna for a
heating time of 10 ms and a dipole moment of 1 mA-m at 300 ym

and used for therapeutic applications including hyperthermia,
which is utilised for localised cancer treatment without impacting
the surrounding normal tissues [47]. In particular, by further
increasing the signal strength of the point dipole, elevation in the
temperature is witnessed as indicated in Fig. 11.

5 Conclusion

This study developed a channel model for predicting the effect of
THz electromagnetic propagation through a homogeneous
intrabody system. The presented model is novel since it takes into
account the combined effect of three main propagation phenomena
encountered in intrabody communication including spreading,
molecular absorption, and scattering. The spreading effect has been
accurately quantified by incorporating the directivity of the
nanoantenna. Investigation of molecular absorption demonstrated
that blood molecules are more absorbent in comparison with other
body composites. Moreover, scattering has been accurately
computed by taking into account the size of the scatterer
nanoparticles with respect to the wavelength in the THz band. The
combined effects of the three main propagation phenomena in
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Fig. 11 Temperature variation as a function of time experienced at the cell
centre, at the cell membrane and between the cell and the antenna for a
heating time of 10 ms and a dipole moment of 6 mA-m at 300 ym

intrabody communication facilitate the design and deployment of
iWNSNs. It must be highlighted that due to the recent
advancements in THz technologies, novel THz transmitters and
receivers have been developed facilitating the communication
between nanodevices and opening the door to potentially
biocompatible applications of iWNSNs. Furthermore, a photo-
thermal model that captures the effect of molecular absorption
from electromagnetic fields is presented. This diffusive heat flow
phenomenon results in temperature changes which ought to be
quantised in order to understand its implications. Numerical results
obtained show that both the signal pulse duration and the dipole
moments of the THz signal are important controlling parameters
required for initiating practical communication strategies for
efficient intrabody communication as well as alleviating any
concerns associated with deploying THz frequencies.
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