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Abstract. During the last decade, the research on nanotechnology and
wireless communications in the terahertz band supported the design of
pioneering biomedical applications. To counteract the very scarce amount
of energy available for nano-devices, a current challenge is to develop
energy-aware and energy harvesting mechanisms enabling long-lasting
communications at the nanoscale. Many contributions in this direction
envisage exploiting piezoelectric nanogenerators to retrieve energy from
external vibrations (i.e., the human heartbeat) and use it for transmis-
sion purposes. Indeed, in line with the recent scientific achievements in
this context, this paper investigates a power control mechanism based on
the feedback control theory. The control law is conceived for managing
the communication in human tissues, where nano-devices are equipped
with a piezoelectric nanogenerator and transmit information messages
through electromagnetic waves in the terahertz band. The amount of
energy spent to transmit an information message is dynamically tuned
by a proportional controller in a closed-loop control scheme which simul-
taneously considers harvesting and discharging processes. The whole sys-
tem is analytically described with a nonlinear state equation. As well, it
is presented the acceptable range of values of the proportional gain guar-
anteeing technological constraints and its asymptotic stability. Finally, a
numerical evaluation shows the behavior of the proposed approach in a
conceivable biomedical scenario.

Keywords: Terahertz communications + Energy harvesting + Control
law - Biomedical application

1 Introduction

The new frontier of nanotechnology is supporting the design of novel and
advanced biomedical applications. In fact, nano-devices can be implanted,
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ingested, or worn by humans in order to realize drug-delivering and advanced
immune systems, biohybrid implant solutions, pervasive health monitoring, and
genetic engineering [1]. The interaction among nano-devices can be enabled by
nanoscale wireless communications in the terahertz band [11]. Since the commu-
nication process is energy-consuming, the usage of energy-aware and harvesting
mechanisms is extremely important to achieve long-lasting communications at
the nanoscale [6]. Many scientific contributions in this context assume to har-
vest energy from the external environment through piezoelectric nanogenerators
[4,5,22] and, consequently, to use it in energy-aware communication protocols
[2-4,12-14,18,20,21] (see Sect. 2). The idea to tune the transmission power based
on the available energy budget has been recently investigated for diffusion-based
molecular communications [15], but no works studied similar methodologies in
nanoscale wireless communications and biomedical use cases.

To provide a step forward in this direction, this paper investigates a power con-
trol mechanism based on the feedback control theory. The control law is prop-
erly conceived for managing the communication in human tissues, where nano-
devices are equipped with a piezoelectric nanogenerator and transmit information
messages through electromagnetic waves in the terahertz band. Specifically, the
amount of energy spent to transmit an information message is dynamically tuned
by a proportional controller in a closed-loop control scheme which jointly considers
harvesting and discharging processes. Here, the harvesting process is modeled as
an ideal voltage source in series with a resistor and an ultra-nanocapacitor, while
the discharging process is modeled through a current generator in parallel with
the ultra-nanocapacitor. The resulting system is described by a nonlinear state
equation where the voltage across the ultra-nanocapacitor and the resulting avail-
able energy represent the state variable and the feedback variable, respectively.
Then, the acceptable range of values for the proportional gain is evaluated by con-
sidering 1) technological constraints, including transmission settings due to the
Time Spread On-Off Keying (TS-OOK) modulation scheme and minimum energy
requirements ensuring an effective communication in a stratified medium, and 2)
the asymptotic stability of the system around the equilibrium point. Finally, a
numerical analysis is performed to evaluate the impact of the proposed solution
on the system behavior in conceivable biomedical scenarios, by considering differ-
ent communication distances, frame sizes, and message generation statistics.

The rest of this work is organized as in what follows. Section 2 reviews the
state of the art on energy harvesting and energy-aware schemes in the terahertz
band. Section 3 presents the proposed approach. Section 4 discusses preliminary
numerical results obtained in conceivable biomedical scenarios. Finally, Sect.5
draws the conclusions of the work and summarizes future research activities.

2 Related Works

Traditional harvesting mechanisms (exploiting solar, thermal, and wind sources)
are inefficient at the nanoscale. Thus, it is important to introduce new energy
harvesting models, like those using mechanical and chemical sources [6,13].
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Among the others, piezoelectric nanogenerators composed by lead zirconate
titanate [16] or Zinc Oxide [22] nanowires, are widely considered promising solu-
tions for retrieving energy at the nanoscale. Here, the vibrations or motions
existing in the surrounding environment bent or compress the nanowires gen-
erating an electric current at their ends which charges an ultra-nanocapacitor
[17].

Nowadays, several contributions already studied the usage of piezoelectric
nanogenerators in nanoscale wireless communications. For example, [8] and [23]
model the energy state of nano-devices through Markov chain, while jointly
considering the energy harvesting rate and the energy consumption due to the
communication process. The study presented in [24] theoretically investigates the
achievable throughput of energy harvesting nanonetworks. Other contributions
formulate energy-aware mechanisms at different levels of the protocol stack: the
energy budget is used to define the time between two consecutive transmissions
at the physical layer [4], to control data dissemination in a wireless nano-sensor
network [18,20], and to properly manage the Media Access Control protocol
[2,3,12-14,21].

At the time of this writing, and to the best of authors’ knowledge, the infor-
mation about the available energy budget has never been exploited for conceiv-
ing power control mechanisms in nanoscale wireless communication systems. In
[15], the same authors of this paper propose a preliminary energy-aware transmis-
sion scheme for diffusion-based molecular communication that dynamically tunes
(exploiting the control theory) the transmission power starting from the amount
of available energy retrieved by a piezoelectric nanogenerator. This promising
approach is applied herein in the context of nanoscale wireless communications
enabling biomedical applications, while deeply taking into account the pecu-
liarities of electromagnetic waves transmitted in the terahertz band and the
propagation impairments registered in human tissues.

3 The Proposed Approach

This work considers a nano-device implanted in the human body and fed by a
piezoelectric nanogenerator. It is able to collect biomedical information (e.g., the
presence of sodium, glucose, other ions in blood, cholesterol, cancer biomarkers,
and other infectious agents) and communicate them to a receiver positioned on
the skin surface by means of electromagnetic waves in the terahertz band. Then,
the obtained information can be transmitted to a remote device through tradi-
tional communication paradigms. The reference scenario is depicted in Fig. 1.
The main analytical symbols used in this paper are reported in Table 1.

3.1 Application Model and Transmission Scheme

At the physical layer, the nano-device sends messages of M bits by using the T'S-
OOK modulation scheme. These messages are generated according to a Poisson
distribution with parameter X. The duty cycle of the signal to transmit represents
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Fig. 1. The reference scenario.

Table 1. List of the main symbols used in this paper.

Symbol Description

Tp, Ep Time interval needed to transmit a pulse
and resulting consumed energy

M Number of bit per frame

A Average number of frames per second

o, 1 Standard deviation and mean of the
Gaussian pulse

d Distance between transmitter and receiver
nano-devices

fs fms fmr Communication frequency, lower operative
frequency, and higher operative frequency

Agps(f,d), Absorption, spreading, and total path loss

Aspread(fs d),
A(f, d)

S(f), N(f,d) Signal power spectral density and noise
power spectral density

C(d) Upper bound of the channel capacity

6(t), 6 Duty cycle of the signal to transmit and its
average value

P Occurrence probability of bit 1

vp, ip(t), Rp

Generator voltage, generator current, and
resistance of the circuit modeling the
harvesting process

hp, Amount of harvested energy per cycle

th Time duration of the harvesting cycle

Cy Capacitance of the ultra-nanocapacitor

i () Current through the ultra-nanocapacitor

igq(t) Load current modeling the discharging
process

gp Proportional gain of the controller

Va (8), V()

Voltage across the ultra-nanocapacitor and
its variation

Eo Set point of the closed-loop control scheme

E(t) Available energy budget at the
ultra-nanocapacitor

Eomin Minimum amount of energy required to
transmit bit 1

E. Amount of energy consumed per frame at
the equilibrium

Veq Equilibrium point of the closed-loop control

scheme
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the ratio between the total amount of time spent to transmit the bits 1 of a frame
and the frame duration itself. Thus, considering a probability of bit 1 equal to
p, a pulse duration of T,, and an average inter-arrival message time 1/, the
average duty cycle of the signal to transmit is equal to:

0 = pMT,\. (1)

With TS-OOK, the bit 1 is encoded by means of a short pulse (i.e., T, = 100

fs), and the bit 0 is represented by the silence. The pulse shape is modeled

as a derivative of the Gausgian 2func‘uion with mean p and standard deviation

o: s5(t) = (ov2m)"te=(t=17/(297) [7]. Considering the first derivative of that

Gaussian function, the signal power spectral density of the pulse-based signal is:
BTy

S — ) 2 (=270 f)? 9
D=\ it ) € ®

where E,, f,, and fy are the energy associated with a transmitted pulse, the
lower operative frequency and the higher operative frequency, respectively.

3.2 Propagation Model and Channel Capacity

The propagation of the electromagnetic field in human tissues is modeled by
considering a non-homogeneous and dispersive stratified medium, where each
layer (stratum corneum, epidermis, dermis and fat) is defined by its dielectric
properties and thickness [19]. The total path loss, A(f,d), describes the total
attenuation of the signal propagating across the human skin and is computed by
summing the absorption path loss, due to the attenuation produced by the vibra-
tions of the transmitted electromagnetic wave (i.e., Aps(f, d)|as = 10k(f)dloge,
where k(f) is the medium absorption coefficient), and the spreading path loss,
due to the expansion of electromagnetic waves during the propagation (i.e.,
Agpread(f.d)lap = 20log(4m fzzo %), where zp is the reference section and
Ag is the wavelength of the plane wave propagating in the stratified medium
[19]). The noise power spectral density is computed as N(f,d) = kgT.q(f,d),
where kp is the Boltzmann constant and Te,(f,d) is the equivalent molecular
noise temperature due to the molecular absorption.

To evaluate the Signal to Noise Ratio (SNR) and the resulting upper bound
of the channel capacity, the total bandwidth B is divided into many narrow
sub-bands lasting Af, where the channel is non-selective. Then, the SNR for the
i-th sub-band centered at the frequency f; at a distance d, can be computed as:
SNR(f;,d) = S(f:)/(A(fi,d)N(fi,d)). According to the Shannon theorem and
considering (2), the upper bound of the channel capacity is affected by the pulse
energy, Fy:

C(d) = Aflog, [1+ SNR(f;,d)] =

fffgf (27.rf)2€(—21raf)2df

A(fi, N (fi,d)

E,T, 7 f;)2e(~2m0 )’ 3)
L ( )@nfi)%e 1

= ZAflog2
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3.3 The Investigated Control Law

As depicted in Fig. 2(a), the nano-device retrieves energy from the vibrations in
the surrounding environments by means of a piezoelectric nanogenerator com-
posed by an array of Zinc Oxide nanowires [22], converts the alternating current
in a direct one with a rectifier element, and stores the energy within an ultra-
nanocapacitor. The retrieved energy is used to feed the communication processes.

The amount of energy available within the ultra-nanocapacitor is computed
by jointly considering the harvesting and the discharging processes. According to
[8,23], the harvesting process is modeled through an ideal voltage source, vy, in
series with a resistor, Ry, and the ultra-nanocapacitor, C,,. This source generates
an amount of charge per cycle, hy, every t;, seconds. Let i(t), i, (t) and V,,(t) be
the generator current, the current passing through the ultra-nanocapacitor and
the voltage across the ultra-nanocapacitor, respectively. The discharging process,
instead, is modeled as a current source in parallel with the ultra-nanocapacitor
with a load current i4(¢). The resulting equivalent circuit describing the harvest-
ing and discharging processes is shown in Fig. 2(b).

The methodology investigated in this paper allows a nano-device to dynam-
ically tune the energy consumed for the transmission of a M-bits long frame
starting from the amount of available energy with a feedback control scheme.
Accordingly, the load current i4(¢) is dynamically tuned with a proportional
controller. The control law is designed with the aim of obtaining a positive value
of i4(t), causing a positive energy consumption during the transmission of infor-
mation messages. Accordingly, the proportional gain can only be greater than 0
(i.e., gp > 0) and the energy budget available at the ultra-nanocapacitor, E(t),
is used as feedback variable. Furthermore, a null set point is considered (i.e.,
Ey = 0), so that the load current, i4(¢), is proportional to the available energy
budget. The resulting feedback control system, depicted in Fig. 3, is analytically
modeled by considering the voltage across the ultra-nanocapacitor, V,,(t), as the
state variable. Based on the procedure presented in [15], the time variation of

the voltage across the ultra-nanocapacitor, V,,(¢), caused by the aforementioned
harvesting and discharging processes is modeled by the following state equation:

o V) g d)Va®)’
Ry,C., RyC, 2 ’

Vaul(t) (4)

Since E(t) = C, Vi (t)*/2, the resulting closed-loop control scheme is nonlinear.

e \ i
i| Piezoelectric . Ultra- : J_ —=> i, ()] +
N Rectifier . in(t) .
!|Nanogenerator nanocapacitor || vy V. ig(t)
SRR T e (| o |-
Transmitter Nano-device Equivalent Circuit
(a) (b)

Fig. 2. (a) Harvesting mechanism and (b) equivalent circuit modeling harvesting and
discharging processes.
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Fig. 3. The investigated closed-loop control scheme.

Equilibrium Point. After a transitory time, the system usually reaches one
of the equilibrium points where it will remain for all future time. Analytically,
for a continuous-time dynamical system, the equilibrium points are found by
assuming a constant input (i.e., the average duty cycle of the signal to transmit,

0) and by imposing V,(t) = 0. Note that the equilibrium point should be a
positive value. A negative equilibrium point, in fact, implies an inversion of the
polarization of the voltage across the ultra-nanocapacitor, meaning that the load
drains more current than the one generated by the harvesting process. Indeed,
the only acceptable equilibrium point for the considered system is:

—1+ /14 20049, RiC,
Veq = : (5)

gnghCu

Acceptable Value for the Proportional Gain. Besides the initial assump-
tion on the proportional gain (i.e., g, > 0), other technological constraints should
be considered in order to evaluate the range of its acceptable values.

First, the equilibrium point in (5) must assume real values. Thus, the squared
root and the denominator are set greater and different from zero, respectively:

1+ QSvhnghCu > 0 and gnghCu £ 0. (6)

The analytical result of (6) states that g, > —1/25v,R,C, and g, # 0.
Therefore, considering the initial assumption on the proportional gain (i.e.,
gp > 0), this first condition is always verified.

Second, as highlighted in the derivation of the equilibrium point, it cannot
be a negative value (i.e., V¢, > 0). This condition is always verified when g, > 0.

Third, the equilibrium point cannot exceed the source voltage, vy, that is
Veq < v Accordingly:

—1+4/1+ QSUhnghCu
Ve = < vp. (7)

- gngh Cu -

Also in this case, this condition is always satisfied when g, > 0.
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Finally, the fourth constraint states that the load current i4(¢) and, in
turns, the amount of consumed energy at the equilibrium, E., computed by
the closed-loop control scheme should ensure the transmission of one packet
entirely composed by 1-bits guaranteeing the target Shannon capacity level:
Eczid(t)Vu(t))\_1|V€q3ZEmm, where E,;, = ME,. Indeed, given that

iq(t) = ngud(t)Vu(t)Q/Q, it comes that:

o Cuggp Veq3

Ee 2X

. . . o AV (WA I BEmin Ry —v,2A"1))2—4E,;:, 3 A~ 1Ry, 3
Analytically, (8) is verified if — B 350 T3
A ' (BEminRrn—vn*A1) < < VWA (BEminRh—vr2A1))2—4E:, 3 A~ 1Ry, 3
Emin26Cy Rp> =9 = Emin26Cy Rp>
v A ' BEminRn—vn*A""Y)
Epmin26Cy Rp® ’
To sum up, among all the studied conditions, the fourth constraint determines
both the upper and the lower bounds to the acceptable range of values of g,.

Stability Analysis. The state equation in (4) can be linearized around the
equilibrium point, V4, by using the Taylor series: Vu(t) = f(Va(t),6(t))
F(Vags ) +Vf (Vag, 8)- [Vu(t) D(t)] ", where f(Veq,8) = 0 by definition, V, (t) =
Vu(t) — Veq and D(t) = 6(t) — 9. Considering V,,(¢) as the new state variable, the
linearized state equation can be written as:

Of (Vu(t),0(t))
OVau(t)

Q

Af (Vu(t),6(t))
V AR
Vs (t) + 350 -
9pVeq”

- 5Vqup> Vu(t) — TD(t).

Va(t) =

<_ Ry C,,

The asymptotic stability around the equilibrium point of the linearized sys-
tem in (9) is studied by posing the coefficient of V,(t) less than 0 [10], that
is: —=1/(RrCy) — 6Veqgp < 0. By substituting (5) in this inequality, it comes

—/1 + 2609, Ri,Co/ RiC,, < 0 which is always verified. Therefore, considering
the initial assumption on the proportional gain (i.e., g, > 0), it comes that the
system having the state equation defined in (4) is asymptotically stable around
Veq for any g, > 0.

4 Numerical Results

The following numerical analysis aims at evaluating the behavior of the inves-
tigated feedback control scheme in conceivable biomedical scenarios, while con-
sidering different communication distances, frame sizes, and message generation
statistics. The results are obtained through Matlab scripts, modeling the system
described in Sect. 3.
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Table 2. Summary of simulation parameters.

Parameters | Values References
T, 100 fs 8]

on 042 V 8,22]
Cu 9 nF [5,8,17]
ha 6 pC [5,8,17]
th 1s [8,22]
o 0.15 [19]

f (0.5 THz-1.5 THz] [19]

M 40 bit-100 bit [5,8]

A 1072 frames/s—10"2 frames/s-10"* frames/s

d 3 mm—4 mm-5 mm [8,19]
C 1 Mbps [11]

Regarding the harvesting process, the proposed study considers the human
heartbeat as energy source. According to [8,22], the time duration of the har-
vesting cycle and the generator voltage are equal to 1 s and 0.42 V| respectively.
Given that the size of both piezoelectric nanogenerator and ultra-nanocapacitor
strongly affect the capacitance of the ultra-nanocapacitor, C,, and the amount of
harvested energy per cycle, hy, [5,8,17], when these sizes are equal to 1000 pm?,
reasonable values for C, and hj are 9 nF and 6 pC, respectively. The source
resistor is set to R;, = % [8]. Starting from the propagation model presented
in [19], the standard deviation of the pulse is set to ¢ = 0.15 and the commu-
nication frequency spans from 0.5 THz to 1.5 THz. To evaluate the impact of
application settings on the system performance, the proposed analysis considers
two frame sizes, that are M = 40 bit [5] and M = 100 bit [8], and an average
number of frames per second, spanning from 1072 frames/s to 10~* frames/s.
The values of system parameters used throughout the numerical evaluation are
summarized in Table 2.

Figure 4 shows the upper bound of the channel capacity obtained according
to (3) as a function of the communication distance and the pulse energy. Con-
sidering the target Shannon capacity equal to 1 Mbps, different communication
distances equal to d = 3 mm, d = 4 mm, and d = 5 mm can be reached by
setting the minimum required energy per pulse to Ey,;, = 10 ], Epin = 1 pd,
and F,;, = 100 pJ, respectively. These quantities are in line with the current
state of the art [8,9,11].

Given the constraints presented in Sect.3.3, Table3 reports the range of
acceptable values for the proportional gain considering the aforementioned
parameter settings. It is important to note that the range of acceptable g, dras-
tically reduces with the frame size, the communication distance, and the average
number of frames per second. Moreover, the configuration with communication
distance equal to 4 mm, 100 bit per frame, and A = 10~2 frames/s has not
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Fig. 5. Variation of the state variable, V,,(t), in the time domain.

Table 3. List of the minimum and maximum acceptable proportional gain values.

d = 3 mm d = 4 mm d =5 mm

M = 40 bit|M = 100 bit|M = 40 bit |M = 100 bit|M = 40 bit M = 100 bit

A =10"2 frames/sjgp,, ... [V~ 1s711/6.03 x 1086.07 x 108 [1.16 x 10'l{Unfeasible |Unfeasible |Unfeasible

9pman [V 187115 x 1017/9.48 x 1015]7.74 x 1012[Unfeasible [Unfeasible |Unfeasible
A =1073 frames/sjgp,, ;.. [V 1s71]6 x 108 6 x 108 6.3 x 1019 6.8 x 1010 [Unfeasible |Unfeasible
1.5 x 10299.6 x 1018 [1.43 x 1016[8.46 x 10'%4[Unfeasible |Unfeasible
9pmin [V 171594 x 1085.99 x 108 6.03 x 10196.07 x 10101.16 x 10'3|Unfeasible
9pmas [V 15115 x 102%9.6 x 1021 [1.5 x 1019 0.5 x 1017 [7.74 x 10M|Unfeasible

x=10"4% frames/s

acceptable proportional gain values and it is unfeasible. As well, increasing of
the communication distance to 5 mm makes unfeasible all the configurations,
except the one for M = 40 bit and A = 1072 frames/s. For the following anal-
ysis, only the communication distances equal to 3 mm and 4 mm are taken
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Fig. 6. Variation of the consumed energy in the time domain.

as example and a common intermediate value of g, (i.e., gy, , = 7.74 x 10"
V~1s71) is chosen starting from the resulting acceptable ranges.

Figure 5 depicts the variation of voltage across the ultra-nanocapacitor, V,, (),
in the time domain as a function of the communication distance, d, the frame size,
M, and the average number of frames per second, A. Globally, the equilibrium
point, V4, decreases when A increases. In fact, given the frame size M and the
distance between transmitter and receiver d, a higher \ implies a lower time
interval between consecutive message generations. This way, the system has less
time to retrieve energy, leading to a lower energy budget and a lower equilibrium
point. At the same time, when the transmitter has to transmit a higher number
of bit per frame, M, the energy budget decreases, thus reducing the value of
the equilibrium point. It is worthwhile to note that, given the value of g,, the
communication distance does not affect the value of the equilibrium point.

The effect of A\, d, and M on the variation of the consumed energy in the time
domain is shown in Fig. 6. First of all, the energy consumed at the equilibrium,
E., is usually higher when M increases. Moreover, the decreasing of the average
number of frames per second, A, implies the increment of F.. In fact, as demon-
strated for the equilibrium point, higher values of A correspond to lower energy
budget. Thus, given the proportional gain g,, the amount of energy consumed
for the communication process is lower. Also in this case, when the g, is fixed,
the communication distance does not affect the value of the energy consumed at
the equilibrium. On the other hand, the minimum amount of energy required to
transmit a message entirely composed by 1-bits, F,,;,, obviously increases when
the number of bit per frame and the communication distance increase. In any
case, the amount of energy consumed at the equilibrium is higher than FE,,;,.
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Fig. 7. Variation of (a) the state variable and (b) the consumed energy in the time
domain during the transmission of a sequence of packets by considering three different
acceptable values of g,, A = 1072 frames/s, M = 40 bit, and d = 4 mm.

As shown in Fig.7(a), the voltage across the ultra-nanocapacitor and the
amount of energy consumed for the packet transmission is also affected by the
proportional gain, g,. Given the average number of frames per second, the num-
ber of bit per frame and the communication distance, the equilibrium point
increases when g, decreases. In fact, lower values of g, imply a decrement of
the percentage of energy consumed for transmission purposes, allowing the sys-
tem to reach higher equilibrium point. Combining the voltage across the ultra-
nanocapacitor at the equilibrium and the value of the proportional gain, indeed,
the maximum amount of energy is consumed when an intermediate value of g,
is used (see Fig. 7(b)).

5 Conclusion

This paper investigated a power control scheme for a nano-device fed by a piezo-
electric nanogenerator and willing to communicate in human tissues through
wireless communication in the terahertz band. After deriving the state equa-
tion of the resulting nonlinear system, the study of technological constraints and
asymptotic stability provided the suitable range of values for the proportional
gain. Finally, numerical examples showed the behavior of the proposed control
approach in biomedical conceivable scenarios. This study demonstrated that the
equilibrium point decreases when the inter-arrival message time decreases and
the frame size increases, the resulting energy consumed at the equilibrium usu-
ally increases when the number of bit per frame and the inter-arrival message
time increase, the increasing of the proportional gain implies the decreasing of the
equilibrium point, and the maximum energy consumption is obtained when inter-
mediate values of the proportional gain are used. Future research activities will
investigate the effects of the conceived control law on the system performance,
while jointly considering reception process and various network configurations.
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