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Abstract—We evaluate the received power level of transmitted
signals between flow-guided nanosensors in human blood vessels.
The power budget calculation accounts for the radiation pattern
of a dipole-like nanoantenna and the variability of the nanosensor
position. We model the nanosensor mobility component not only as
displacement but also as the rotation produced by the blood flow.
Our results show that the varying distance among nanosensors
influences the average power component, while the power level
variance results from the antenna’s rotation. This simulation
model contributes to portraying communication capabilities at
the nanoscale, and considering realistic evaluations with the blood
flow dynamics.

Index Terms—Internet of Bio-Nano-Things, Terahertz Commu-
nications, Nanoantenna, Human Blood Vessels, Mobility

I. INTRODUCTION

Following the vision of internet of bio-nano-things (IoBNT)
networks for biomedical applications, nanodevices equipped
with communication modules will enable intra-body links [1].
In this endeavor, nanoantennas in the micrometer scale entail
graphene-based radiators to operate in the terahertz (THz)
band, leveraging the plasmonic properties of graphene [2].
Since the first nanopatch design by Jornet and Akyildiz [3],
follow-up designs include dipole-like [4], [5], patches [6], [7]
and spiral geometries [8] attaining communication links in the
nanoscale.

In practice, operating these nanoantennas for in-body scenar-
i0os makes the communication link analysis more challenging.
On the one hand, the surrounding tissue modifies the antenna’s
radiation pattern; see [9, Fig. 6]. On the other hand, its
orientation can not be predefined in advance in real-world
applications as the nanosensor flows passively with the blood.
Although there is reported research on the use of nanoantennas
in human vessels, see [10], describing a realistic use case for
communications is still an open research direction.

This paper provides a model to derive the time-varying
received power, focusing on a communication link between
nanosensors traveling in human blood vessels. We evaluate
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Fig. 1. The antenna is modeled in CST as being shielded within a sphere
made of biocompatible PDMS material,surrounded by blood.

the power budget while including the gain of the dipole-
like nanoantenna and following the design in [4], [5]. When
modeling the gain, the nanoantenna was surrounded by blood
and isolated with a spherical cover made of polydimethylsilox-
ane (PDMS), as illustrated in Fig. 1. We model the mobility
component with the nanosensors’ displacement and the antenna
rotation that the flow impinges on. This setup provides means to
characterize and evaluate the received power with the dynamics
of the blood fluid in realistic cases.

Aiming to describe the received signal power, our key
contributions can be summarized as follows:

e We provide a realistic simulation model to evaluate
received signal power levels of nanosensors guided by
the blood flow,! and

« we provide insights on the probabilistic description of the
received power with time.

Following these two contributions, we structure this paper as
follows: The nanoantenna design and simulation are described

'We provide open access to the CST nanoantenna model and the mobility
model at https://github.com/jorge-torresgomez/terahertz_inbody.



Fig. 2. A schematic representation of the nanoantenna [4], [11].

in Section II. This section provides realistic figures for the
antenna’s radiation pattern and includes the blood’s modeling
as a dielectric medium. Next, we analyze in Section III the
mobility model of nanosensors flowing in the human vessels,
including displacement and rotation. We formulate the received
power at a nanosensor encompassing the variability of the
antennas’ gain in the line of sight (LoS) direction between the
emitter and the receiver and the path loss attenuation in blood.
Finally, we illustrate results for the receiver power with time
in Section IV. We also numerically evaluate the corresponding
Probability Density Function (PDF) of the received power.
Looking at its random nature, we provide insights into its
average and variability.

II. GRAPHENE-BASED NANOANTENNA

We base our design on a previously reported dipole antenna
by Tamagnone et al. [4], also reported in [5]. This antenna
design consists of two graphene patches on a quartz substrate,
as Fig. 2 illustrates. The antenna is modeled in CST Studio
Suite 2021 by assembling three bricks, which account for the
substrate and the two patches. We excite the antenna through
a discrete port that connects the two graphene patches. The
port impedance equals the input antenna impedance Z; as
measured with the simulator.

A brick made of lossless quartz with a permittivity of
3.75F/m models the antenna substrate. The brick has di-
mensions Lg X Wy X hg, as shown in Fig. 2, with the values
listed in Table I. The two graphene patches are also built
with two bricks of zero height, the same width W and total
length L, and a vacuum gap of length G in between. The two
patches are centered on the upper side face of the substrate as
depicted in Fig. 2. We added graphene to CST by defining a
new material with the relaxation time and chemical potential
listed in Table 1.2

The antenna is wrapped in a cover made of PDMS to isolate
it from blood.> The cover is modeled as a sphere, with the
smallest inner radius needed to cover the substrate material
(around 37.5 um), and thickness in the micrometer range, also
listed in Table I. The inside of the sphere is filled with air.
Lastly, we surround the shielded antenna with blood to model
the impact of the body. The blood is simulated with a brick
of side-length five times the shield’s radius; see Fig. 1. The
blood material is modeled by its permittivity in the 1 to 4 THz

2The steps to add graphene as a material in CST are demonstrated in this
video https://www.youtube.com/watch?v=SeGy_ZhZzEs.

3Polydimethylsiloxane (PDMS) is a bio-compatible material typically used
for implanted antennas [12].

TABLE I

ANTENNA PARAMETERS.

Parameter  Description Value
fe Operating frequency 2.107 THz
L Graphene length 8.5um
w Graphene width 8 um
h Graphene thickness 0
Ep Graphene chemical potential 0.6 ps
T Graphene relaxation time 1ps
Lg Substrate length 50 um
Ws Substrate width 50 ym
hs Substrate thickness 5um
Quartz permittivity 3.75Fm
Z1,1 Antenna input impedance 324Q
T Shield inner radius® =~ 35.7 um
Shield thickness 0.1pum
PDMS permittivity 2.76 F/m
“The inner radius of the shield is evaluated as
= () (5)
TABLE II

PERMITTIVITY AND RELAXATION TIME VALUES IN BLOOD [13].

Parameter €oo  Ae1 Aez 71 [ps] T2 [ns]

Value 2.1 130 3.8 14.4 0.1

range. The relative permittivity of blood is calculated as [13,

Eq. (11)] i

Agp
r = 1
¢ 60°+Zl+]on'p M

where €, is the permittivity at the high frequency limit,
Ag, is an intermediate value for a given relaxation time 7,,
and w = 27 f is the angular frequency. The values for the
parameters are reported in Table IL*

A. Nanoantenna simulation

The nanoantenna design resonates at f. = 2.107 THz, as
results from the simulation. A minimum of approximately
—33dB for S7; is achieved when the source impedance equals
the antenna impedance (where Im{Z; = 0}). The resulting
radiation pattern is illustrated in Fig. 3. The radiation pattern
exhibits a maximum antenna gain of approximately —12 dBi
at the elevation angles 45, 135, 225 and 315° in the xz-plane.
The resulting lobe width span is 35°.

The radiation pattern in Fig. 3 differs from the dipole-like
design due to the impact of the surrounding PDMS material
and blood. Both materials are in the near field of the radiator,
as the radius of the cover shield jis less than the Fraunhofer
~ 70 um, where L is the
length of the substrate, A = ¢/ f. is the wavelength, c is the
speed of light, and f. = 2.107 THz the resonator frequency.

4The obtained permittivity values are imported in CST by defining a new
material and following the steps in this video https://www.youtube.com/watch?
v=Fa230NEeiyg.



As a consequence of this radiation pattern, the nanoantenna
radiates the least power in the xy-plane; i.e., < —90dB in the
y-direction. The power loss is in the range —60 to — 35dB
in the surface of the cover shield.
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Fig. 3. Radiation pattern of the nanoantenna inserted in blood.

III. COMMUNICATION MODEL IN THE HUMAN VESSELS

The mobility of the nanodevice in the blood flow impacts
the communication performance due to the effect of displace-
ment and rotation. The nanodevice displacement increases or
decreases the received power with the varying distance to the
receiver node. Besides, the perceived gain changes with time
as the nanodevice rotates while displacing. Depending on the
antenna orientation with the receiver node, the gain strives
maximum (around —12dB) or minimum (around —40 dB);
which will also impact the received power.

We describe in this section the communication performance
with the received power, as the power level ultimately defines
the perceived signal-to-noise ratio (SNR) in the link. The next
two subsections model the antenna’s mobility with the blood
flow and the corresponding power budget.

A. Nanodevice mobility with the blood flow

Two mobility components will impact the power level due
to the nanodevice’s displacement along the vessel [14] and
its rotation caused by the flow. The displacement component
is determined by diffusion and advection; diffusion will be
produced by the interaction of the nanodevices with the blood
components and is described with the diffusion coefficient for
a sphere as [15, Eq. (2)]

kpT
n= P m 2 1078 )
6mnr S

where kg = 1.38 x 1072J/K is the Boltzmann
constant, 7'= 300K is the temperature of the system,
n=3x10"3kg/(ms) is the blood viscosity [16], and
r ~ 35.7um is the radius of the sphere, as listed in Table I.

For the advection component, we assume the nanodevice
travels at the speed of the blood, denoted as v. Thereby, its
position along the y-axis in Fig. 4 will be given by y = vAt,
and the speed is calculated as [17, Eq. 4.9 pag. 54]

v(z) = % (2ry(z+70) — (24 710)%), 2€[=ru, 7], 3)

v

where z, centered at the vessel center, refers to the z-coordinate
of the nanodevice position; see Fig. 4. The variable r,, is the
vessel radius and v, stands for the maximum speed at the
vessel center given as

APr?
Ve = .
21l
where AP is the pressure difference along the vessel segment,

n is the blood viscosity, and [, is the length of the vessel
segment, as represented in Fig. 4.
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Fig. 4. Mobility and rotation of nanodevices along the vessel segments.

With Equations (2) and (3), we evaluate whether advection
dominates diffusion with the Péclet number as [15, Eq. (19)]
v(z) x d

D,
when considering the center speed in the vessel as
Ve ™~ 10_3m/s as in the arterioles, see [18, Table I], the
propagation distance d ~ um and the diffusion coefficient
of 10716 orders magnitude, as given in Eq. (2). According to
this calculation, the Péclet number is greatly larger than the
unit, which means that the nanosensor traveling in the center
of the vessel segment follows a straight path (cf. Fig. 4).

Advection also dominates for the nanosensors traveling
close to the vessel walls. With the diameter of the arterioles
vessel, ~ 200um see [18, Table I], and the nanosensor’s
size ~ 35.7um see the radius in Table I, we evaluate its clos-
est center’s position to the vessel wall and the corresponding
speed with Eq. (3). As the corresponding speed is in the order
of 10~*m/s when using Eq. (3), the resulting Péclet number
yields in the order of 107 for the same traveling distance in
the pm scale.

P, = 106, (5)

B. Rotation of the nanoantenna

In addition to the displacement component, the nanosensor
will also rotate due to the impact of the fluid. Following the
fluid’s direction and the nanosensor’s spherical shape, it will
experience a clockwise rotation of uniform speed, here denoted
as w; see [19, Fig. 7-3.2 pp. 299]. The rotation speed, evaluated
through the torque force of magnitude |T|, results notably fast
as evaluates

T d
- |2! ~ 69225 6)
mra, ms

where the product mr% _ refers to the moment of inertia,

m = Mquartz + Mppms ~ 1071kg is the total mass of
the transmitter after adding the mass of quartz and PDMS
components. The mass of both components is calculated
with their corresponding densities and volumes as p x V,
where pquartz = 2.65 x 103kg/m? is the density of quartz,



pppms = 0.97 x 103 kg/m? is the density of PDMS [20]. The
volumes are readily evaluated with the product of height, length,
and width for the bricks, and with the shield radius for the
spheric volume, as follows from the values listed in Table I.

We calculate the torque vector using the first term in [21,
Eq. (7.3.97) pp. 313] (as an accurate approximation of the
total torque), yielding

TXposz
hi
where TxXpos; ~ 90 um is the transmitter position from the
vessel center, = 3 X 102 Pass denotes the blood viscosity,
ve = 1 x 1073 m/s is the speed in the vessel center in the
arterioles, and h, = 200 um is the vessel thickness (see [18,
Table I]). As this equation indicates, the torque force is in the
negative direction of the y-axis. Following the right-hand grip
rule, this torque produces the spheric nanosensor’s clockwise
rotation around the x axis. The magnitude of the torque vector
is computed considering the nanosensor travels at a distance

of Txpes, = 90 um from the vessel center.

The sphere’s rotation also produces the rotation of the
antenna’s radiation pattern. Assuming an initial orientation
with the vector gy (as the vector normal to the upper plane
substrate in Fig. 1), the orientation of the antenna with time
can be evaluated with the rotation matrix along the z-axis as

T=—i,327puri v, ~ —i,3 x 107"Nm, (7)

g(t) = Ax(t)go, (3)
where
1 0 0
A, = |0 cos(wt) —sin(wt), ©)
0 sin(wt) cos(wt)

is the rotation matrix.

C. Power budget in the blood

To determine the received power of the signal, we need to
model the communication channel between the sensors in the
blood. The received power is expressed as

Prx(t) = Prx + Gx(t) + Grx(t) — Ly(t) [dB],  (10)

where Pry is the transmit power, L, (t) is the path loss of the
signal and G« (t) and Grx(t) are the gains of the transmitting
and receiving antennas, respectively. The path loss L, (¢), which
is mainly determined by the varying distance d(t), is formulated
with the spreading and molecular absorption loss (scattering
loss is negligible [13]) as
A
L,(t) = —10log;, <e—ﬂabsd<t>(4ﬂda))2) [dB], (11)

where /1455 = 471"’ /\g is the molecular absorption coefficient,
d(t) is the distance between sender and receiver, and Ay = A/n’
is the effective wavelength. The terms n’ and n’ are the real
and imaginary parts of the refractive index n of the medium the
wave is travelling through (blood in our case). More detailed
channel and dielectric characteristics of blood can be found
in [22], [23].
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Fig. 5. Received power and antenna gain over time as the nanoantennas flow
with the blood.
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Fig. 6. Probabilistic description of received power levels.

IV. RESULTS

In this Section, we numerically evaluate the received power
with the displacement and rotation of the antenna using Eq. (10),
and assuming the emitter power is Ppy = 30 dBm. To isolate
the impact of the rotation speed, we consider the case where
the receiver node flows in the center of the vessel and the
transmitter moves on top at the distance of 2.5 times the shield’s
radius from the vessel center. In this setup, the transmitter
is the only one rotating and at a very high frequency, as
w = 692rad/ms indicated with Eq. (6).

We numerically evaluate the antenna’s gain in the LoS link
between both nanosensors; results are illustrated in Fig. 5. The
transmitter gain oscillates due to the impact of rotation in



the antenna orientation. Although not rotating, the receiver
also presents a time-varying gain due to the time-varying LoS
direction with the emitter. Merging these two curves with the
path loss component in Eq. (11) displays a receiver power that
is also time-varying and largely impacted by the increasing
distance between the emitter and the receiver.

From this figure, we can also evaluate the impact of
displacement and rotation. Comparing levels in Fig. 5, the
antenna gain oscillates in the range —24 to — 12dBi, while
the received power will be in larger amount, i.e, approximately
in the range —90 to — 70dB. This is why we observe a
remarked impact on the variability of the receiver power due
to the antenna’s rotation. Furthermore, in a practical scenario
where the nanosensor’s sensitivity is around the —80 dB, error-
free communication can be conceived in a time window of
around 100 ms (see the section where the blue line is above
the dashed one in Fig. 5).

We also evaluate numerically the PDF for the received
power with time. We simulate the mobility with initial random
orientation angles as a combination of 30 different angles
in the three axes for both antennas in the [0, 27 range. We
record the received power level and numerically evaluate the
PDF with the normalized histogram of the recorded power. As
illustrated in Fig. 6a, the power level follows with the higher
probability a close to a parabolic behavior with time; see
Fig. 6b. The impact of distance mostly produces this behavior
as the stronger attenuation component. Meanwhile, rotation is
mostly producing variability around this peak value.

V. CONCLUSION

We presented a realistic simulation model to analyze
the impact of nanoantenna mobility for in-body links. The
simulator considers the realistic environment of human vessels,
evaluating the impact of blood on the antenna radiation patterns
and the mobility component. We observe that the displacement
component introduces the mean value attenuation while the
antenna’s rotation mostly influences the variance around the
mean. This study also provides the means to evaluate more
metrics in the communication link. The channel coherence
time and channel capacity can be further analyzed with the
probabilistic description of the power level.
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