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Abstract—In vivo wireless nanosensor networks
(iIWNSNs) are paving the way toward transformative
healthcare solutions. These networks are expected
to enable a plethora of applications, including drug-
delivery, bio-sensing, and health monitoring. With the
development of miniature plasmonic signal sources,
antennas, and detectors, wireless communications among
intrabody nanodevices will expectedly be enabled in
the terahertz (THz) frequency band (0.1-10 THz). Several
propagation models were recently developed to analyze and
assess the feasibility of intra-body electromagnetic (EM)
nanoscale communication. The emphasis of these works
has mainly been on understanding the propagation of
EM signals through biological media, with limited focus
on the intra-body noise sources and their impact on the
system performance. In this paper, a stochastic noise
model for iWNSNs is presented in which the individual
noise sources that impact intra-body systems operating
in the THz frequency band are analyzed. The overall
noise contributions are composed of three distinctive
constituents, namely, Johnson—-Nyquist noise, black-body
noise, and Doppler-shift-induced noise. The probability
distribution of each noise component is derived, and a
comprehensive analytical approach is developed to obtain
the total noise power-spectral density. The model is further
validated via 2-D particle simulations as the active transport
motion of particles is conveyed in the presented framework.
The developed models serve as the starting point for a
rigorous end-to-end channel model that enables the proper
estimation of data rate, channel capacity, and other key
parameters, which are all factors of the noise environment.

Index Terms—Nanonetworks, terahertz band, noise
model, intra-body.
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|. INTRODUCTION

HE future of healthcare is dramatically progressing

with the acceleration of medical technologies. The
strive towards miniaturization is creating innovative solu-
tions that would ensure better effectiveness in diagnosis and
treatments. Such aspiration is correlated with an intense
evolution in the field of nanotechnology and in the devel-
opment of micro/nano-scale robotic systems. Magnetic nano-
swimmers [1], bacteria-powered microrobots [2], and ant-like
nano-engines [3] are few examples of biologically-inspired
nanomachines. In parallel to these advancements, the growth
witnessed in the fields of nano-electronics, nano-plasmonics
and nano-photonics is expediting the development of nanosen-
sors that are capable of detecting different events with
unprecedented sensing and actuation capabilities. Among oth-
ers, plasmonic nano-lasers with sub-micrometric footprint [4],
plasmonic nano-antennas able to confine light in nano-
metric structures [S] and single-photon detectors with unri-
valed sensitivity [6] have already been developed. Eventually,
the aforementioned progress in the various domains have
paved the way towards in-vivo wireless nanosensor net-
works (iWNSNs). These networks have been recently pro-
posed as a technique to provide faster and more precise
disease diagnosis and treatments in comparison to traditional
technologies [7].

Both molecular and electromagnetic (EM) communications
are leading wireless technologies that could enable commu-
nication between nanomachines. On the one hand, although
molecular communication is being thoroughly investigated [8],
it suffers from low achievable data rates which drastically
limit the usefulness of nanosensor networks. On the other
hand, from an EM perspective, plasmonic nano-antennas
have enabled wireless communication among nano-devices
at high frequencies, ranging from the Terahertz (THz)
band (0.1-10 THz) to the optical frequency bands (infrared,
30-400 THz, and visible, 400-750 THz).

The study of the THz band propagation within the human
body is still at its infancy as most nano-biosensing appli-
cations rely on the use of light. Numerical analysis and
characterization of THz propagation through various body
tissues have been presented in [9]-[11]. A genuine model
that accounts for the intra-body signal degradation has been
presented in [12]. A complementary multi-layer intra-body
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model for nano-biosensing applications can be found in [13].
Alternatively, Johari and Jornet [14] advocated for the use of
the optical window for intra-body wireless communication
among nanosensors with plasmonic nano-antennas. Starting
from these, the development of comprehensive architectures
and protocols for intra-body nanonetworks comprise the path
of research that ought to be addressed.

One of the most important metrics that should be studied
to assess the quality of any communication system is noise.
Basically, noise degrades the signal transmission quality and
affects the system throughput as it may impose re-transmission
of data packets or extra coding to recover data in the presence
of errors. Nevertheless, the proper characterization of noise
is one of the main challenges in the information theoreti-
cal analysis of intra-body EM nanocommunication. Current
research in the literature which considers noise in the THz
frequency band can be found in [6] and [15]. Yet, in the
framework of in-vivo wireless networks, few works exist to
study this fundamental parameter which should be analyzed
in order to accurately evaluate the in-vivo communication
link [16], [17]. Particularly, small systems, as found in mole-
cular biology and in the drive toward miniaturization [18] can
show strong susceptibility to noise. In our recent previous
work, a deterministic thermal noise analysis for intra-body
communication based on the diffusive heat flow theory has
been developed [19].

In this work, we present a novel stochastic noise model
for intra-body wireless communications in the THz frequency
band. We classify the three main noise sources inside the
body, which include the Johnson-Nyquist noise, Black-body
noise, as well as Doppler-shift-induced noise. The underlying
physical fundamentals of each noise source are comprehen-
sively explained. Moreover, the probability distribution of each
noise component is derived and a complete noise model is
developed, allowing to compute the total noise power-spectral
density of the in-vivo medium in the THz frequency band.
It is important to note that these noise sources basically
arise due to the fluctuation of particles, which occurs either
naturally or gets triggered upon exposure to EM radiation.
Therefore, to validate our model, we perform two-dimensional
particle simulations, where multiple particle tracks are gener-
ated. Random displacements are simulated to enable analysis
of the particle motion, allowing appropriate verification of
the analytical framework. The significance of the presented
study lies in providing an understanding of the intrinsic limits
of intra-body communication in the THz frequency band.
It results in a realistic evaluation of iWNSNs and opens
the door towards developing techniques which maximize the
efficiency of such communication link. Thereafter, data rate,
maximum transmit power, maximum transfer receiver distance
as well as channel capacity could be all properly estimated as
they are factors of the noise environment.

The rest of the paper is organized as follows. In Sec. II,
a characterization of the intra-body medium in the THz fre-
quency band is illustrated. In Sec. III, the different intra-body
noise sources, namely, the Johnson noise, Black-body noise,
as well as the Doppler- shift-induced noise are presented.
In Sec. IV, the mathematical framework of each noise source

is established. In Sec. V, both numerical and simulation results
of the developed noise models are demonstrated. Finally,
we draw our conclusions in Sec. VI

II. CHARACTERIZATION OF INTRA-BODY
COMMUNICATION

In order to be capable of developing the noise model,
a proper characterization of the intra-body medium is neces-
sitated. Such characterization is attained upon computing
a number of interrelated parameters including the medium
permittivity, index of refraction, absorption cross section as
well as temperature increase. In fact, as size goes down to the
nanoscale, the physical and electrical properties of materials
change, and novel properties arise in the matter. Such impact
can be beneficial if harnessed properly. In light of our research,
electrical properties of tissues in the THz frequency must be
accounted for when studying intra-body communication.

The scale that we are operating at is referred to as the
“mesoscopic” length scale, which is intermediate between
the molecular and macroscopic scales. At the THz frequency
band, the disordered nature and microstructure of biological
matter as well as the supra-cellular organization in such
materials trigger different polarization mechanisms which
include multiple relaxation times and non-symmetric time-
domain responses [20]. In specific, the dielectric response in
the frequency domain of tissues having high water content
can be characterized by the Debye Relaxation Model [21].
This model describes the reorientation of molecules that could
involve translational and rotational diffusion, hydrogen bond
arrangement, and structural rearrangement. For a pure mater-
ial, multiple Debye processes are possible where the complex
permittivity is described by [22]

e(a))—eoo+zl+]wrj (1)

in which €4, is the permittivity at the high frequency limit,
Ae = €;j — €j41, €; are intermediate values, occurring at
different times of the permittivity, r; is the relaxation time
relating to the j Debye type relaxation process, and o 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 fre-
quencies in the lower THz band, the double Debye equations
are used [23]

€] —€ €2 — €0

= . 2
€@ Eoo+l+jwrl+l+jwrz 2)

Equation (2) is rationalized and the real and imaginary parts
of the complex permittivity are separated as follows

€ — € € — €x
€'(@) = 1 +(011)? 1+ (012)?’ )
6”((0) _ (e1 — €2)(w1) (€2 — €x0)(@72) (4)
1+ (01)? 1 + (w12)?
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TABLE |
PERMITTIVITY AND RELAXATION TIME VALUES FOR VARIOUS MEDIA

Model €co | €1 €2 T1(ps) | T2(ps)
Water [24] 33 | 788 | 45 | 84 0.1
Blood [24] 2.1 130 | 3.8 | 144 0.1
Skin [21] 30 | 60.0| 3.6 | 10.0 0.2
Fat [25] 30 | 60.0| 3.6 | 10.0 0.2

Mobile nano-antenna — —— Black-body Radiation Effect

Nano-receiver

.

Intra-body particle

Fig. 1.  Intra-body system model composed of various intra-body
particles, mobile nano-antennas, and a nano-receiver.

Using the values in Table I, €/(w) and €”(w) can be computed
for the different intra-body media. These values are used then
to calculate the effective index of refraction as

\/ €2(w) + € () + €' (w)
5 .

n(w) = (5)
It is important to note that the imaginary part of the index of
refraction is utilized in the computation of the particles absorp-
tion cross section [12], which is an integral part of computing
the effective medium temperature as clearly explained in [19].

I1l. INTRA-BODY NOISE CLASSIFICATION

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 nanometers (nm), as illustrated in
Fig. 1. The heat sources in this work are considered to be
nano-antennas in nano-biosensing implants in the human body.
Nano-biosensors have the capability to detect the minutest
interacting phenomenon, which enables a far greater and much
reliable degree of estimation of biological interactions [26].
Throughout this paper, we will use the general term “particle”
to refer to both the biological cells and the nano-antennas.
As the nano-antennas radiate EM waves, cells will capture
part of this EM energy through the process of molecular
absorption. The absorbed EM energy will be converted into
heat which will result in temperature increase around the
cells, as has been extensively discussed by Elayan et al. [19].
Hence, subsequent to such exposure, the cells also become
heat sources. Fundamentally, temperature is a key factor
in computing the noise associated with a communication
system.

In this scenario, we identify three noise sources: Johnson
noise, Black-body noise and the Doppler-shift-induced noise.
Johnson noise exists as a result of the detecting nano-receiver
at the receiver side. Black-body noise arises as a natural
contribution of the thermal EM radiation within or surround-
ing a body. In the case of the Doppler-shift-induced noise,

the propagation between the nano-receiver is not only by a
direct line-of-sight route, but via many paths as different scat-
terers change the plane waves incident on the receiver. Con-
sequently, the received signal at any point consists of a large
number of horizontally travelling uniform plane waves whose
amplitudes, phases and angles of arrival have each a random
component.

V.

In this section, a comprehensive analysis of the identified
noise sources is presented.

INTRA-BODY NOISE ANALYSIS

A. Johnson-Nyquist Noise

Within every communication system, particularly at the
front-end, components that contribute noise to the detection
process exist. This results in degrading the ultimate detectabil-
ity of the signal. The majority of this noise arises from
electronics, particularly mixers or direct detectors as well
as transistors in amplifiers that follow these devices [27].
Thermal noise, also referred to as Johnson-Nyquist noise,
is produced by fluctuations of charged particles (usually
electrons) in conducting media [28]. Any component in the
system that dissipates power generates thermal noise. When
a resistor R, is at temperature 7, random electron motion
produces noise voltage, V (¢), at the open terminals. Consistent
with the central limit theorem, V (¢) has a Gaussian distribution
with an rms voltage of [28]

Vims = V 4kaRB, (6)

where kj; is Boltzmann constant, /# is Planck constant and B
is the bandwidth of the measuring system. The probability
density function (PDF) of the noise voltage, Vs, is given by

()= —" e ( X )
X) = ——€X .
P VimsV2m P 2V7

rms
The theory further shows that the mean square spectral
density of thermal noise is [28]

h
G,(f) =2Rhf - exp [— (kb—fT — 1)i|

Instead of dealing with mean square voltage, the available
spectral density at the load resistance could be found using
the maximum power transfer theorem as

Ga(f) = G—Eef) 9)

Thus, the first source of noise that is always found in an
in-vivo wireless communication system arises from the ther-
mal cycle of heat exchange between the receiver, which is a
nano-antenna in our assumed scenario, and the environment.
It is to be noted that the Gaussian distribution of the Johnson
Nyquist noise is developed on the basis of a model detector
containing a very large number of independent receivers
which produce an infinitesimal contribution to the resultant
amplitude. The convolution of a large number of elementary
distributions approaches a Gaussian distribution even though
the elementary distributions themselves maybe non-Gaussian

(7

®)
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and all different. In addition, one must remember that the
distribution of a thermally excited mode is the result of a
large number of independent statistical forces acting on it at
random. The resonant mode model was chosen in order to
easily integrate the quantum effects in the analysis [29].

B. Black-Body Noise

Every physical body spontaneously and continuously emits
EM radiation. The emitted radiation is described by Planck’s
law [30]. The higher the temperature of a body, the more
radiation it emits at every wavelength. Due to the EM radiation
of nano-antennas, the human body particles will seize part
of the EM energy. As a result, the absorbed power will
activate the vibration of the particles, which will result in heat
generation and temperature increase. The intra-body medium
could be denoted as a black-body since it is associated with
temperature above absolute zero. Therefore, the intra-body
channel always has background noise even without signal
transmission.

The spectral radiance of a body, E, describes the amount
of energy it gives off as radiation of different frequencies. It is
measured in terms of the power emitted per unit area of the
body, per unit solid angle that the radiation is measured over,
per unit frequency as [31]

2hf3 h
bn 2] (1))

where ¢ is the speed of light in the medium. The power
spectral density, H(f), is the product of the spectral radi-
ance, E¢(f, T), and the effective aperture area, A.rr, of the
nano-antenna, i.e.

(10)

H(f)=E¢(f,T)Acsf, (11)

where A.rs is inferred from the amount of noise that the
antenna intercepts and is given by

&
Agpr = i (12)
g is the effective wavelength given as 1/n’, where n" and n”
are the real and imaginary parts of the tissue refractive index n,
respectively. The tissue refractive index provided in (5) can be
written as
n=n"—jn". (13)
In classical physics, black-body radiation is considered
as chaotic EM radiation. The average spatial distribution
of such stationary radiation is homogeneous and isotropic,
where the electric field strength and the magnetic induction
of its spectral components have completely random ampli-
tudes built up of infinitely many independent, infinitesimal
contributions [32], [33]. In this description, the electric field
strength and the magnetic induction of a mode are propor-
tional with the random processes, in which their amplitudes
have a Gaussian density function based on the central limit
theorem [34]. As such, both the electric field and the magnetic

induction of a mode of the thermal radiation (in a small spatial
region) have a Fourier series representation given by [32], [35]

N
x(t) = %ao + D ancosQx fut) + bysinQx fur).  (14)

n=1

Thereby, the phenomenon is described by a characteristic set
of frequencies or modes, f,. If we take a particular mode of
the radiation field, a, as an example, we have [35]

2 T
a, = —/ x(t)cos(2x ft)dt. (15)
T Jo

Next, we consider the characteristic function of this particular
mode given as

Pu(4) = (e7T0r4). (16)

The term (a,%) is related to the correlation function by

4 T T
<a2> =— (x()x (")) coswnt'coswut”dt'dt”. (17)
T2 o Jo

Using the properties of a Gaussian random process, it is known
that

(x(Hx(")=2Ds1" —1"), (18)

in which D refers to the translational diffusion coefficient.
In our case, this is given by

_ka
-

The parameter, [, is a friction coefficient which is going to be
defined in the subsequent section. It then follows that [35]

D 19)

(exp(—ja,A)) = exp [—lAz (aﬁ)} : (20)
2
where
24D
<a,,> - Q1)

The probability that a,zl has a particular value of a, follows
from the Fourier transform, and the form of the characteristic
function indicates that the distribution is Gaussian. The PDF
of the excitation of the amplitude, a,, is given by [35]
1 a,%
play) = ——~/2mexp —=75 |- (22)
(an) 2(a )

n

C. Doppler-Shift-Induced Noise

The internal fluctuations which result from the heat transfer
mechanism experienced by the intra-body system are charac-
terized by the cells’ random and irregular velocity. In fact,
the erratic motion of suspended particles, referred to as the
Brownian motion, deals with mesoscopic dynamics, which are
ubiquitous in the micro and nano-world, and in particular in
soft and biological matter [36].

Authorized licensed use limited to: Northeastern University. Downloaded on January 22,2023 at 23:19:34 UTC from IEEE Xplore. Restrictions apply.



468

IEEE TRANSACTIONS ON NANOBIOSCIENCE, VOL. 17, NO. 4, OCTOBER 2018

To assess such scenario, consider the one-dimensional
motion of a spherical particle with radius », mass m, posi-
tion x, and velocity v(¢) in a fluid medium having a viscos-
ity #. Newton’s equation of motion for the particle is [37]

do(t)

" dt
where F, (¢) is the total instantaneous force on the particle
at time ¢, arising from the interaction of the particle with
the surrounding medium. This force is governed by a friction

force, Fric, proportional to the velocity, v(¢), of the particle
and given as [38]

= Fioi (1), (23)

Fyric = —¢o(1), (24)

where the friction coefficient, ¢, also referred to as the drag
constant, is described by Stokes law as [37]

¢ = 6myr. (25)

A random force, £(¢), represents the rapidly fluctuating part
of Fjy. For such scenario, the analysis could be modeled
using the Brownian particle equations of motion, referred to
as Langevin equations, given by [38]

do(t)
m— = = —co(r) +£(1),
dl:z(t) = —yo() + lé(t), (26)
t m

where y = ¢/m. The force during an impact is supposed to
vary with extreme rapidity over the time of any observation,
i.e. in any infinitesimal time interval, which cannot be strictly
true in any real system. Therefore, the effect of the fluctuating
force can be illustrated by providing its first and second
moments as time averages over infinitesimal time interval [39]

E@)e =0, &(n),<E(n))e =2po(t — 1),

where (...)¢ is an average with respect to the distribution
of the realizations of the stochastic variable &(¢), and £ is
a measure of the strength of the fluctuation force. If &(¢)
is continuous, the existence of a local solution for (26) is
guaranteed. An explicit formal solution of (26) can be obtained
as [38]

27)

1 t
o(1) = 0O + — / e ewdx,  (8)
m Jo
where v(0) is the initial velocity of the medium constituents.
The mean squared velocity can be found from (28) as [39]

B

<v(t)2> =0(0)2e 2 + (1 — V1), (29)
{m

In the long time limit, the exponential drops out and the mean

squared velocity must approach its equilibrium value k, T /m.

Consequently, we have [39]
b =CkpT.

The changing velocity of the source (nano-antennas in
nano-biosensing implants in the human body) results in
Doppler-shifts to the transmitted frequency of light orig-
inating from a source that is moving in relation to the

(30)

observer (receiver). Therefore, the wave is observed to have
frequency, fy, for a signal arriving at an angle, ¢, given as

Ja = fmcosg, (31)
where
_ (@)
Sm = —/lg . (32)

is the maximum Doppler-shift at the particle speed and carrier
wavelength, Ag.

The received signal R(f, t) is a result of many plane waves
each shifted by the Doppler contribution appropriate to the
particle motion relative to the direction of the plane wave [40].
The power contributed to the received signal by plane waves
constitutes of the power, f(¢)d(¢), arriving in the angular
interval that would be received by an isotropic nano-antenna
of the same polarization, multiplied by the nano-antenna gain,
G (¢ — a), multiplied by the square of the parallel fraction of

polarization [pu((/ﬁ) - peld — a)] as [41]

F @A) [pu(@) - ped— )] Glp—a).  (33)
From (32), we find d¢ as
dep = — ! df. (34)
- (#)

By substituting (34) into (33) and combining the two angles
(£¢) from which the Doppler-shift, f; arises, the power-
spectral density of R(f,t)/+/2 is given as [40]

S(f) = S1(f) + S2(f), (35)
in which
FBGCB—a) [pu(@) - pe(d — )]
Si1(f) = ,  (36)
: /T — a2
and
2
P L G ) () pe—p -]

S/ V= (fa)fn)? ’

where ¢ = ’cos_1 ff_ZlCl Similar to mobile-radio reception, both
the in-phase and quadrature components at any given time, ¢,
are independent Gaussian random variables with the following
PDF [40]

fx) = (38)

1 |: x2 :|
exp|—— |
o/ 2n Pl 27
x in this case is the in-phase component of R(f,t) and o is
the RMS value given as

Fon
o= //fm S(f)df.

As the body is composed of a large number of cells, particles,
etc., the number of received plane waves and thus multipath
components is large. Thereby, the central limit theorem is uti-
lized to indicate that the channel response mimics a Gaussian
process. As such, since Doppler shift noise is dependent on
signal transmission, this noise element follows a Gaussian
distribution.

(39)
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D. Combined Noise Model

In order to formulate an end-to-end noise model, the total
noise power spectral density should be calculated. From the
analysis presented above, it is clear that the three noise sources
are probabilistically independent. Thereafter, the resulting PDF
is the convolution of (7), (22) and (38). As we are dealing with
three Gaussian PDFs, we should recall that the convolution of
Gaussian functions is also a Gaussian, with variance being
the sum of the original variances [42]. This can be proved by
knowing that the Fourier transform of a Gaussian, fx(x) =
N(x; ux, o%) is given as

2.2
Ox @

F{fx}= Fx(w) = exp[—joux]exp[— 1. (40)

According to the convolution theorem and by considering three
Gaussian PDFs we have

fz = fx* fr* fw=F UF{fx}- Flfv)- Flfz))
0'2(()2
=F [exp [—joux]exp [— R

2
1)
X exp [— 0'y2

} exp [—jouy]

J‘%,wz
2

2

} exp [—jouw]exp [—

= f_l[exp— jo(ux +py + pw)

2 2., . 2),2
Xexp[_(ax‘*‘UY‘*‘aw)w j| ]

2

=N ux + uy + pw). (41)

To compute the total power spectral density, we add the
spectral densities of the individual noise sources. To do so,
we consider the simplest nano-antenna structure demonstrated
to date, i.e., a nano-dipole antenna, with G(a) = 1.5. By sub-
stituting the gain of the antenna, (35-37) will lead to

3

—
S 1= (42)
Next, we sum of the individual noise contributors in the in-vivo
system as

Ntot(f) = Ga(f) + H(f) + Ssim(f)~

Ssim (f) = (42)

(43)

V. SIMULATION RESULTS

In this section, we evaluate and validate the intra-body
noise model presented in Sec. IV using MATLAB®. We follow
a model that assumes a homogeneous medium of identical
particles. Note that a biological tissue is an ensemble of similar
cells having the same origin, where together with other tissues,
it forms an organ. In intra-body communications, the EM
wave will pass through a structured layer of different tissues,
namely, the organ (e.g., the skin which contains different
layers). Therefore, to find out the EM intensity in each layer,
the need for a non-homogeneous model is clear [43]; however,
once the EM intensity is given in a specific region (tissue),
then the homogeneous assumption for the noise analysis can

TABLE Il
SIMULATION PARAMETERS

Parameter Symbol | Unit Value Ref.
Red blood cell radius r m 4 x 106 [49]
Red blood cell mass m pg 33 [50]
Red blood cell viscosity | 7 Pa-s 0.00278 [51]
Initial cell velocity v(0) mm/s | 1.1 [48]

be adopted. As mentioned in Sec. III, the primary energy
source in the system is a nano-antenna, which radiates an EM
wave at a distance. As a result of the absorption, cells become
heat sources.

In this paper, we provide numerical results for the specific
case of red blood cells (RBCs), where in our scenario blood
is assumed to be composed of RBCs immersed in homo-
geneous plasma. It is to be noted that the characterization
of RBCs based on the Doppler shift holds true as RBCs
resemble Rayleigh scatterers that experience single or mul-
tiple relaxations. As such, the RBCs velocity profiles are
impacted resulting in a novel measure of their propagation
capability [44]. In addition, RBCs represent black body ele-
ments, which impact the entire medium they are suspended
in. Such assumption holds even before the exposure of RBCs
to EM radiation. Indeed, between the outer surface of the cell
membrane and the inner contents of the cell there is always
the electric potential difference, which is stimulated due to
both the different concentrations of K+, Na+ and Cl- inside
and outside of the cell as well as their different permeability
through the cell membrane [45]. Upon excitation, a living cell
changes the membrane electric potential because of changes in
the membrane permeability and active ion movement through
the membrane. Thus, owing to the bioelectret condition of
certain subcellular structures in the cell and its surroundings,
a slowly oscillating electric field that is strong enough to
influence the biological processes is generated [46]. Further,
the examination of RBCs allows the identification of health
disorders. In particular, several blood diseases involve modifi-
cation in the morphology of such cells, including, sickle-cell
disease, malaria and spherocytosis. For these reasons, many
non-invasive optical imaging systems have been developed for
the investigation of RBC morphology as a diagnostic clinical
factor [47].

In our analysis, we utilize realistic parameters of RBCs as
given in Table II. These parameters play a fundamental role
in calculating the various noise constituents including finding
the temperature [19], drag constant, translational diffusion
coefficient, mean squared velocity ..etc. Such dependence
clearly indicates that our study relates the intra-body medium
to the presented noise analysis. Fig. 2 provides a visualization
of the propagation scenario of RBCs in which the velocity
profile of these particles changes as they propagate in the body,
upon being stimulated by a nanoantenna. The initial velocity
of RBCs can be obtained via experimental measurements
from the literature as provided in [48]. As such, the mean
squared velocity can be computed from which the Doppler
shift induced noise is calculated as presented in (29) and (32).
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Fig. 2. A visualization of the propagation scenario of excited RBCs,
where the velocity profile of the cells change as they propagate through
the body.
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Fig. 3.  Johnson-Nyquist noise power spectral density at the high
frequency regime including the THz frequency band.

A. Numerical Analysis

We start by first numerically analyzing the mathemat-
ical model presented in Sec. IV. Fig. 3 presents the
Johnson-Nyquist noise power spectral density at the high fre-
quency regime including the THz frequency band. We specif-
ically selected a large range of frequencies to understand the
receiver impact on the communication link. It can be noticed
that noise in electrical resistors has a flat power spectrum;
hence, white noise could be easily utilized as a model without
compromising accuracy. Although the Johnson-Nyquist noise
power spectral density value is small, it is significant in the
context of nanonetworks, which rely on the transmission of
very weak signals, including low-energy very-short pulses,
causing them to be sensitive to noise.

In addition, Planck’s function, given in (10), is used to
approximate the intra-body background radiation. This noise
is stimulated by the temperature of the absorbing molecules,
causing the intra-body medium to become a Black-body
radiator. Similar to [15], in order to focus on the radiative
behavior of the intra-body noise, the antenna effective area is
discarded. Thus, we plot the intra-body spectral radiance, E r,
at the THz frequency band as shown in Fig. 4. It is to be noted
that the Black-body hemispherical emissive power is 7 times
the Black-body intensity, which should be considered when
converting units.
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Fig. 4. Black-body noise power spectral density of an intra-body medium
at the THz frequency band.
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Fig. 5. Mean squared velocity, < v(t)2 >, of intra-body particles
(red blood cells in our assumed scenario) versus time.

Further, calculating the mean squared velocity, (v (t)z), pre-
sented in Fig. 5, is essential for computing the Doppler-
shift-induced noise power spectral density. Actually, Fig. 5
reinforces the “Fluctuation Dissipation Theorem” [39] that
expresses the balance between “friction” which tends to drive
any system to a completely dead state and “noise” which
keeps the system alive. This balance is necessary to maintain
a thermal equilibrium state at long times.

In Fig. 6, the Doppler-shift-induced noise power spectral
density is presented. Such noise contribution shows how a
pure frequency, e.g., a pure sinusoid, which is an impulse in
the frequency domain, is spread out across frequency when
it passes through the intra-body channel. It is to be noted
that the ‘bowl shape’ is the classic form of this Doppler
spectrum. The frequency range where the power spectrum
is nonzero defines the Doppler spread. The sharpness of the
boundaries of the Doppler spectrum viewed in Fig. 6 are due
to the sharp upper limits on the Doppler shift produced by a
nano-antenna travelling among the scatterers of the intra-body
model. Due to multiple scattering, the incident light may have
its direction partly randomized before interacting with red
cells, and frequency multiples can be produced by scattering
from multiple red cells. Such complex effects preclude exact
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Fig. 6.  Doppler shift induced noise power spectral density of an
intra-body medium at the THz frequency band.
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Fig. 7. Total noise power spectral density of an intra-body medium at
the THz frequency band.

calculation of the shape of the Doppler spectrum. The overall
noise power spectral density is provided in Fig. 7. Since the
Doppler shift induced noise constitutes the larger contribution
in comparison to the Johnson-Nyquist and Black-body noise,
it is noticed that the overall noise power spectral density takes
the form of the Doppler spectrum.

B. Model Validation

In contrast to both the Johnson-Nyquist and the Black-body
noises, the Doppler-shift induced noise arises due to signal
transmission. Thus, in this section, the emphasis will be on
verifying the numerical analysis associated with the Doppler
effect. To carry out the validation, we compare the motion of
a nano-antenna within an ensemble of intra-body particles to
the Brownian motion of a microswimmer [52]. Such analogy
is conducted as microswimmers are able to propel them-
selves, exhibiting an interplay between random fluctuations
and active swimming. Hence, their Brownian motion captures
the stochastic diffusion of particles as they travel through
n-dimensional spaces filled with other particles and physical
barriers.

An important parameter used to characterize the stochastic
behavior of particles is the mean squared velocity, < v()? >,

presented in (29). This value is of ultimate interest as the
goal of particle tracking studies is often to define the average
velocity of biological motion on a molecular level. However,
under most circumstances, the velocity cannot be observed
directly in empirical experimentation. A more precise qual-
itative consideration can be made by simulating the mean
square displacement (MSD) of the particle’s motion. The MSD
quantifies how a particle moves from its initial position, and
can be found from a trajectory as [52]

MSD(@) = (1x(t + 1) = xOF + (e + 1) = yO), @44)

where 7 is the timescale for diffusion. Numerically, the MSD
can be calculated from a trajectory [x,, y,] sampled at discrete
times, t,, with a step size Ar as [52]

MSD(At) = <(xn+m - xn)z + Ontm — )’n)2> . (45)

In order to be capable of properly relating the MSD
to the particle velocity, one must understand the various
modes of motion, namely, normal diffusion, confined diffu-
sion and active transport [53]. In our model, we deal with
nano-antennas which are probing the intra-body medium.
When a nano-antenna is moving in the direction of the
electric force, it accelerates, and its gyro-radius expands.
When its moving against the electric force, it decelerates and
its gyro-radius contracts. Such distortion of the gyro-radius
causes the nano-antenna to drift. As the nano-antenna is
moving, the center of each new wavefront is slightly displaced.
Consequently, the wave-fronts begin to bunch up and spread
further apart, causing the Doppler effect. Superimposed on
this motion is the normal diffusion of the intra-body particles,
characterized by the diffusion coefficient, D, given in (19).
Thus, the active transport relationship between MSD and time
will best describe the aforementioned scenario. This relation
is given as [53]

MSD = v(t)>At* + 4D At, (46)

where v is the velocity of the directed motion. In this way,
the motion of a nano-antenna mimics that of a Brownian
particle with inertia. By re-arranging (46) to solve for v (¢) and
then taking the average, the mean squared velocity, < v(f)? >,
can be computed. Fig. 8 shows the MSD of a simulated
trajectory of 100 particles (both biological cells and nano-
antennas) versus time. The plot of displacement shows that it
has a distinct quadratic component. Fig. 9 presents < v ()% >
for each simulation. A thick black line indicates the best
overall estimate of < o(f)> > along with error bars in
red.

By comparing the results shown in Fig. 9 to those in Fig. 5
over the time interval, t = 0: 7 : (N — 1) *x 7, where 7 is 1
ms and N is the number of generated samples, one can notice
that the values of < v(f)> > are very close. A short time
interval is chosen in order to accurately capture the distinct
changes in < o(r)> >. It is to be observed that the likely
error of this measurement decreases as the square root of the
number of samples. The significance of this conclusion lies in
validating the Doppler-shift-induced noise which is dependent
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on the signal transmission and hence has the major impact on
intra-body communication in the THz frequency band.

VI. CONCLUSION

The progress witnessed in the areas of nano-electronics,
nano-photonics, and wireless communication is opening the
door towards advanced healthcare networks, namely, in-vivo
Wireless Nanosensor Networks (iWNSNs). As we are at the
verge of such medical revolution, it is the utmost time to
study the reliability of the communication link interconnecting
nanosensors. In previous studies, propagation models account-
ing for intra-body signal losses in the THz frequency band
have been presented. In this paper, a stochastic noise model
for intra-body systems operating in the THz frequency band
has been developed. The identified noise sources include
the Johnson-Nyquist noise, Black-body noise as well as
the Doppler-shift-induced noise. A comprehensive analysis
illustrating the physical fundamentals associated with each
noise source along with the derivation of the probability
distribution of each noise component has been presented.
Consequently, the total noise power-spectral density of the
iWNSN in the THz frequency band was computed. It has been

concluded that the Doppler-shift-induced noise has the larger
impact in comparison to both the Johnson and Black-body
noises. The model has been validated via two-dimensional
particle simulations as our presented framework resembles
the active transport motion of particles. The importance of
the presented framework lies in understanding the underlying
environment through which wireless communication will be
initiated. It will aid in identifying the number of received
bits that have been altered due to noise, interference, dis-
tortion or bit synchronization. Thus, the proposed model
will extend the application scope of nano-networks, guide
the development of practical communication strategies among
intra-body nanosensors, as well as simulate our understanding
of cellular processes and drug carriers in inertial micro-fluidic
devices.
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