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ABSTRACT

This paper describes the time-varying nature of terahertz commu-
nication links between mobile nanodevices, targeting a realistic
use case for nanodevice communication within human vessels. We
consider a communication link through dipole-like nanoantennas,
which flow and rotate in the bloodstream. Such a dynamic scenario
causes random glitches in the received power level, resembling a
fading-like channel. We present an analytic formulation for the
time-variant impulse response and calculate performance metrics
like the level crossing rate and the average fade duration. Our
findings reveal crossings in the millisecond order and an average
duration of fades on the same scale. Our study is the basis for de-
signing robust decoders and error-correcting codes that mitigate
the impact of variability on the received power level.
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1 INTRODUCTION

Electromagnetic (EM) waves in the terahertz (THz) band are en-
abling a multitude of new healthcare applications at the nanoscale.
Examples are suppressing undesired interactions in proteins [2] and
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Figure 1: Mobility and rotation of nanodevices along vessel
segments in the circulatory system.

creating 3D images of red blood cells [6]. The THz nanocommunica-
tion systems also enable information transfer between nanodevices
in the human body [9]. To that end, THz radio frequency (RF) front-
ends are today conceived through plasmonic nanoantennas with
dipole-like [8, 15], patch [16], and spiral geometry [3] designs.

A key aspect of the communication link between nanodevices
is the time-varying nature of the channel in the human vessels.
Nanodevices drifted by the bloodstream will experience a time-
varying distance between each other. In addition, the nanoantennas
may rotate, misaligning the transmitter and receiver radiation pat-
terns; see Fig. 1. This dynamic position and rotation produce a
fluctuating power level of the received signal, negatively affecting
communication performance; which is yet to research.

Existing models for the in-body links predict the communication
performance in the blood [7], but the time-varying nature of the
channel has not been explored in detail. As we will show in this
paper, when evaluating the communication link in the arterioles,
the varying distance produces a variability of the received signal in
a millisecond (ms) time-scale, while the rotation of the nanoanten-
nas produces a much faster variability in the same time-scale. This
variability will be reflected in the amplitude of the received sig-
nal, which will be observed as glitches falling below the receiver’s
sensitivity level. The impact of the blood flow dynamics on the
communication link will, therefore, result in a fading-like channel
impacting the communication performance.

Aiming at describing the communication link between nanode-
vices in the blood flow, this paper extends our previous researc
in [17] to investigate the two most relevant related metrics regard-
ing the channel time-variability: the level crossing rate (LCR) and
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the average duration of fades; see [11, Sec. 4.7.3]. The LCR pro-
vides the frequency of crossings of the received power through
the threshold sensitivity. When the received signal is below the
receptor’s sensitivity, the communication will be interrupted as the
signal can no longer be decoded. Meanwhile, the average duration
of fades provides the time duration of the interrupted link, where
the received power is below the sensitivity of the receiver.

The presented study supports the further development of reliable
communication schemes. As our findings illustrate, the channel
resembles a fast-fading link, which requires implementing robust
receptors to diminish the impact of fluctuations in the received
signal level as in the case of mobile communications [1].

Our main contributions can be summarized as follows:

e We provide an analytic description for the time-varying chan-
nelin a link between two nanodevices that flow in the human
vessels,

e we derive the theoretical calculations for the LCR and the
average duration of fades, and

o we illustrate with realistic parameters the resulting LCR and
average duration of fades. !

2 SYSTEM MODEL

Since we address an EM communication link in the blood vessels
between two nanodevices, the system model includes mainly three
components: (1) The RF front-end of the nanodevices, (2) the mobil-
ity of the nanodevices within the blood flow, and (3) the path loss
attenuation within blood in the THz band. These components are
described in the next subsections.

2.1 RF Front-End

The nanodevices are equipped with dipole-like nanoantennas fol-
lowing the design by Tamagnone et al. [15]. The nanoantenna
comprises two radiator patches made of graphene and a substrate
made of quartz with the dimensions listed in Table 1. 2 The design
is shielded in a spheric cover made of polydimethylsiloxane (PDMS)
with a radius r = 35.7 pm. In our simulation in CST Studio Suite
2021, the shielded nanoantenna is surrounded by blood to evaluate
the radiation pattern; see the complete design in Fig. 2 and fur-
ther details in [17]. The resulting radiation pattern is illustrated in
Fig. 3 yielding a gain in the range —40 to — 12 dBi with a resonant
frequency f; = 2.107 THz.

2.2 Piezoelectric Nanogenerator

We evaluate the transmission power based on piezoelectric nano-
generator technologies, as reported in [10]. These nanogenera-
tors harvest mechanical energy due to the contraction of ZnO
nanowires produced by the interaction with pressure waveforms,
like the ones in human vessels. This generator has a power den-
sity of 83 nW/cm?, where we assume it is deployed along the bot-
tom side of the cover surface in Fig. 2. This area is calculated as
Ag = 47r?/2 ~ 8 x 1072 m?. Following these calculations, the re-
sulting transmitter power is Pty = —90 dBm. To cope with this low

'We provide open access to the nanoantenna design in CST Studio Suite 2021 as well
as the mobility model in Matlab 2023b code at https://github.com/jorge-torresgomez/
terahertz_inbody

2Future work will evaluate other antenna’s geomtries as listed in the Introduction.

J. Torres, J. Engstrand, S. Abadal, R. Augustine, T. Voigt, and F. Dressler

Blood

Graphene
radiator

PDMS
cover

Quartz
substrate

Piezoelectric
Nanogenerator

Figure 2: The antenna is modeled in CST as being shielded
within a sphere made of biocompatible PDMS material, sur-
rounded by blood.
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Figure 3: Radiation pattern of the nanoantenna inserted in
blood.

power level at the receiver, we assume the lowest sensitivity level
on wireless technologies for the nanosensor, as the case in global
navigation satellite system (GNSS), which set a sensitivity value
of =165 dBm as a requirement. 3

2.3 Mobility Model for the Nanodevices

The mobility of the nanosensor will comprise two components:
displacement and rotation. Regarding the displacement component,
we assume the nanodevices travel in the arterioles, where the vessel
thickness is hy = 200 pm and the maximum speed is v = 0.1cm/s
along the vessel center; see [5, Table I]. In this mobility scenario, the
spherical nanodevices will follow a straight path along the vessel
stream, i.e., advection dominates diffusion. See this evaluation with
the corresponding Péclet number in [17, Eq. (5)].

For simplicity and without loss of generalization, we assume the
receiver node travels along the vessel center at the corresponding
blood speed v = 0.1 cm/s. The transmitter node travels at 90 pm
away from the center and with initial distance 108 pym away from
the receiver. Along this vessel stream, the emitter travels at the less
speed 0.02 cm/s; after evaluating [17, Eq. (3)]. Within this settings,
the receiver will forward the transmitter position in the y-direction
due to the larger traveling speed. Besides, for ease of calculation,

3Future work will investigate the developments in nanoreceiver technologies in the
THz band.
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Table 1: Simulation parameters.

Parameter Description Value
fe Operating frequency 2.107 THz
L Graphene length 8.5 um
w Graphene width 8 um
h Graphene thickness 0
Er Graphene chemical potential 0.6 ps
Graphene relaxation time 1ps
L Substrate length 50 pm
% Wi Substrate width 50 pm
% hg Substrate thickness 5pm
E Quartz permittivity 3.75Fm
G Gap 2pm
Z11 Antenna input impedance 324Q
r Shield inner radius ~ 35.7 um
Shield thickness 0.1 pm
PDMS permittivity 2.76 F/m
Pry Power of pulses —73.9dBm
Rin Receptor sensitivity —165dBm
T 0 Blood speed in the vessel center 0.1cm/s
§ hy Vessel thickness 200 um

4The inner radius of the shield is evaluated as r? = (%)2 + (%)2 +h2.
we assume the center coordinates are on the vessel center and with
the yz-plane in the plane of the two nanodevices; see Fig. 1.
Regarding the rotation component, due to the blood flow in
the vessel, the emitter nanodevice will not only translate but also
rotate with angular speed @ ~ 6 rad/s. This calculation is made
with the flow’s torque force while considering the nanodevice’s
moment of inertia, as described in [17, Sec. III B]. In this calcu-
lation, we also include the mass of the piezoelectric generator as
mg = 6 X 1079 kg. This mass is evaluated as the product of the den-
sity of ZnO (nanowires) as 5.6 x 103 kg/m?, 4 and the total volume.
The total volume is calculated as the product of the total num-
ber of nanowires with the volume per nanowire as 712 Ing, where
g = 300 nm is the radius (see [20]) and [ng = 5pm is the length
of the nanowire; see [10]. Finally, the total number of nanowires
fitting on the generator’s area (as Az ~ 8 x 107 m?) is evalu-
ated in correspondence with the number of nanowires in 2 cm?;
which is reported as one million in [19]. This calculation yields

2x10*

Meanwhile, the nanodevice traveling in the vessel center will
not experience the impact of the torque force, and consequently, it
will not rotate and just follow the blood flow. We also assume that
the initial orientations of both nanoantennas follows the uniform
random distribution, and in any direction of space.

6
[8 x 1079 10 ] = 41 nanowires, where [-] is the ceil operation.

4Zinc oxide | 1314-13-2, https://www.chemicalbook.com/ChemicalProductProperty
EN_CB3853034.htm
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Figure 4: Channel path loss with time.

2.4 Path Loss Model

We model the channel path loss in the blood vessels using the
varying distance d(t) between nanodevices. As follows from [4],
the path loss Ly is formulated with the spreading and molecular
absorption loss (scattering loss is negligible) as

Ag
(4rd(1))*

where p,s = 47n’’[Ag is the molecular absorption coefficient,
d(t) is the distance between sender and receiver, and Az = 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 traveling through (blood in our case). More detailed channel and
dielectric characteristics of blood can be found in [12, 14].

Considering the initial position of the emitter and receiver nodes
(see Fig. 1); the evaluation of Eq. (1) produces the curve illustrated
in Fig. 4. The resulting path loss is in the range 47 to 60 dB, with a
minima where the distance between the emitter and receiver is the
shortest.

Lv(t) = e_l—’absd(t)

1)

3 TIME-VARIANT IMPULSE RESPONSE

The communication link between the two nanodevices will be
impacted by the varying distance between them and by the trans-
mitting nanoantenna’s rotation. We account for this mobility with
the baseband received signal formulation as (see [18, Sec. 2.2.2])

w= [ hEom -0 @

where [18, Eq. (2.28)]
hy(z,1) = a(t)e” T 5(1 — 1(1)), (3)
is the time-varying channel impulse response. To evaluate h(z, t),
the value of 7(t) = % ~ 0.6 fs represents the propagation delay in

the link, which is almost negligible, c is the speed of light, ¢/n’ is the
waveform speed in blood, n’ is the real part of the refractive index
of blood, and d(t) = [Txpos — Rxpos| is the time-varying distance
between the transmitter and the receiver. The term a(t) stands for
the time-varying amplitude in the link and is evaluated as

_grx(t) X gry(t)
a(t) = ‘/—L‘,(t) , (4)

where grx(t) is the transmitter’s gain, gry () is the receiver’s gain,
and are evaluated with the radiation pattern G(6,¢) in Fig. 3,
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where 0 is the elevation angle, and ¢ is the azimuth coordinate. The
value of Ly (t) is the path loss in the channel as given with Eq. (1).

The transmitter and receiver’s gain are evaluated according to
the rotation and displacement of the antennas, as produced by the
fluid; see Fig. 1. Both gains must be evaluated in the line of sight
(LoS) link between both devices, as represented with the blue line in
Fig. 1. Here, we assume a neglible impact of reflections in the vessel
walls due to the larger path loss. As for the receiver’s gain, the
evaluated gain will be given by the elevation and azimuth angles,
as given by the LoS direction with the receiver, yielding

grx(t) = G(Orxinit + ORx (1), PRx,init + PRx) (5)

where the values of Ory init and ¢ry init refer to the initial orientation
of the antenna, which we assume to follow a random variable with
uniform distribution in the range [—, ]. The value of gy and ¢gy,
which refer to the LoS link with the trasmitter,are evaluated while
transforming the cartesian coordinates for the LoS direction to the
spherical coordinates as follow

Txposz
Orx (1) = tan~! p , ©)
|Txpos(t) - RXpQg(t)|
= tan~! TXposz
\/(TXPOSy,O + (U(Txposz) —0c) X )2 + Txlz)osz
fry = tan~ ! Déposy (1) = Rposy(r) _ T
X = =

TXposx - RXposx 2’

In the above relations, the azimuth component (¢) evaluates
as 7 as both antennas are moving in the yz-plane. As for the eleva-
tion component (6), the denominator evaluates the distance with
the transmitter and receiver coordinates denoted with the vectors
Txpos (t) and Rxpos (), respectively. Along the y-axis the transmit-
ter location will be given by v, X t, and the transmitter location as
(Txposy,0 +0(Txposz) X t), where v(Txposz) is evaluated with [17, Eq.
(3)], and Txposy,0 is the initial position of the emitter in the y-axis.
Along the z-axis, the transmitter coordinate is constant as Txposz,
while the receiver is zero. In these relations, we implicitly assume
that the system coordinates are centered at the initial receiver coor-
dinates and the z-axis oriented in the plane where the transmitter
is moving, see Fig. 1.

As for the transmitter, the displacement and the rotation will
significantly modify the time evolution of the gain. Similarly to
the receiver, we evaluate the gain having the initial angle and the
time-evolution of the elevation and azimuth angles as follows

grx(t) = G(GTX,il‘lit +01x (1), ¢Tx,init + ¢Tx)a (7)
where
Txposz
O1x (1) =tan~! P +T—0Xt, 8)
" | Txpos (1) — Rxpos (1)]
—tan~! TXposz
(Txposy,0 + (v(Txposz) — vc) X )2+ TX%OSZ
+1—wXt,
b = tan-1 2posy ~ Tiposy _ 7
X = - .

Rxposx - TXposy 2

In this evaluation, the azimuth component (¢1y) also evaluates
as Z as the transmitter is moving in the yz-plane. As for the
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Figure 5: Receiver and transmitter gains for various initial
angles.

elevation component (61x(t)), the expression includes the time-
varying distance between the emitter and the receiver with the
term (|Txpos(Z) — Rxpos(t)]). Besides, in contrast to the receiver,
this expression also includes the rotation produced by the fluid
with the term & X t. > We include this term with a negative sign
to follow the clockwise direction of the rotation. Finally, we add
the constant , evaluating the direction from the emitter to the
receiver.

Following Equations (6) and (8), the transmitter and receiver
gains will be impacted not only by the time-varying distance be-
tween the emitter and the receiver but also by its antenna orienta-
tion. To illustrate this variability, Fig. 5a depicts the receiver gain
with time and for various initial angles along the three axes. The
time evolution of the gain will be highly dependent on the initial an-
gle for the nanoantenna. The degree of variability of the transmitter
gain with time is in the order of ms, as it is impacted by the blood
fluid speed, which is in the magnitude’s order of cm/s; see Table 1.
The transmitter gain exhibits a more speedy variability in the same
order’s magnitude of the ms, which is due to the rotation and the
variability of the radiation pattern surface; see the evaluation with
Fig. 5b.

Note that the rotation term does not appear with the receiver formulation in Eq. (6),
since it travels in the vessel center, where the torque force is zero.
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4 LEVEL CROSSING RATE AND AVERAGE
FADE DURATION

The variability of the channel amplitude with time induces the
amplitude variability of the received signal. To illustrate, Fig. 6
depicts the variability of the transmitter and receiver gain, as well
as the received power. As a result of this variability, the received
power level is

Py (t) = Prx + Gy, (t) + Gryds (1) = Lyas (1), ©
which is also dependent on the mobility and rotation of antennas.
The amplitude of the received signal resembles small-scale fading
as its level abruptly falls below the receiver sensitivity value.

To account for the quality of the communication link, in this
section, we develop the LCR and the average fade duration in the
link; see [11, Sec. 4.7.3]. The LCR refers to the average number of
times when the power level crosses a given sensitivity value, here
denoted as Ry,, and calculated as [13, Eq. (4.1)]

Ng(t) = ‘/0 7p{Rin, 7, t} dF, (10)

along the time interval [t, ¢ + dt], where 7 is the time derivative of
the received power, and p(F, Ry, t) is the joint Probability Density
Function (PDF) of 7 and the received power level r at r = Ry,.

We evaluate p{Ry,, 7, t} numerically, and mostly accounting for
the impact of the transmitter variability. As depicted in Fig. 5, the
variability of the transmitter gain is faster than the emitter and the
channel path loss in Fig. 4. Under these assumptions, we calculate 7

as

: 1 E{gr« ()}

r(t) x —————=

At Ly(t)

with r = a?(t) (see Eq. (4)), assuming gry(t + At) ~ gpy(t) and
Ly(t + At) ~ Ly(t), when At is in the ns scale. Besides, we evaluate
the expected average for the receiver gain to account for all possible
initial orientation angles. This expected value (~ —18.4 dBi) is eval-
uated numerically with the histogram of values for the radiation
pattern G(0, §); see Fig. 7.

We compute the difference (grx (t+At) —grx(t)) first calculating
the g1« (t) value that evaluates the threshold level Ry, in the received
power. We calculate g1y (t) = gty equating Pyp(t) = Ry, in Eq. (9)
and also evaluating Gy 4 (t) with its expected value (= —18 dB).
From this point in the radiation pattern surface, we evaluate all
the possible other points gry(t + At) from gry 1. We assume all
these points are those with elevation angles at A0 = @ X AT [rad]

(ng(t"'At) _ng(t))’ (11)
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from gty 1, as we assume the arbitrary orientation of the initial an-
tenna position, see an illustration in Fig. 8. From this specific value,
other reachable points will be located in the range -22 to —-18 dBi.
Following this sequence of points for g7« (t + At), we evaluate the
histogram to estimate p{Ry,, 7, t} numerically.

Once the LCR metric is calculated with Eq. (10), the average
duration of fading is readily evaluated as [11, Eq. (4.81) pp. 186]

E(r} = NiRp{r <Ry}, (12)

where p{r < Ry, } is the probability that the received power level is
less than the receptor’s sensitivity, here denoted as Ry;,. We evaluate
this probability with a similar procedure as for the LCR with the
histogram of values in the antenna gain. We find the minimum
value of the transmitter gain gry 4, that fulfills Pgg(¢) = Ryy,. Then,
we numerically evaluate the integral /Og T p(g) dg as a result of the
probability p{r < Ry, }, where P(g) is estimated with the histogram
of values for the antenna gain.

5 RESULTS

This section illustrates the two performance metrics, LCR and the
average fade duration, with the nanodevice’s position. We develop
their numerical calculation with the description given in Section 4.
In this evaluation, we consider that t = 0 refers to the case for the
initial position of the transmitter and receiver nanodevices, where
the emitter is at a forward position, as illustrated in Fig. 1. As time
increases, the receiver moves faster as it travels through the vessel
center; thereby, the channel path loss also decreases with time until
it increases again when the receiver forwards the emitter node; see
Fig. 4 for the time evolution of the path loss.

In the vicinity of the minimum path loss, we found the LCR
around the 200 crossings/ms. Once the LCR is calculated, the aver-
age duration of fades is numerically evaluated with Eq. (12). The
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Figure 9: LCR and average fade duration metrics.

average duration of fades is illustrated in Fig. 9b, where the dura-
tion of fades is around 1.5 ms. The results in Fig. 9a characterize
a medium- to fast-fading channel when the pulse emission is per-
formed with a bandwidth in the order of the MHz. For this emission
rate, there is one observed glitch per received pulse on average.
Besides, according to the results in Fig. 9b, this channel character-
izes a large-scale fade-like when the duration of pulses is less than
ms scale. Due to these results, such a communication link would
require designing receivers while including a channel estimator
component, so to avoid emissions during the fading time-interval.

6 CONCLUSION

In this paper, we assessed the time-varying communication link
between nanodevices moving in the human circulatory system. The
analytical expressions introduced in this paper target a realistic
link as we now also include in the radiation pattern of nanoanten-
nas inserted in blood and the impact of mobility. We observed a
medium to fast-fading channel in the THz band and also a large-
scale fading behavior when performing emissions at a MHz rate
and with a pulse duration in the ns scale. This eventually demands
channel compensation mechanisms to neglect the impact of glitches
in the received sequence and robust schemes to overcome large-
scale fading. The methodology introduced can be straightforwardly
extended to other antenna designs and mobility scenarios in the
vessel segments, which is part of our future research directions.
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