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Abstract—This letter focuses on a diffusion-based molecular
communication system, fed by a nanoscale energy-harvesting
mechanism, and conceives a power control mechanism based on
feedback control theory. Specifically, the load current drained
by the transmitter interface is set proportionally to the available
energy harvested from the environment by using a closedloop control scheme. The resulting system is analytically described through a nonlinear state equation, that jointly considers
harvesting and discharging processes. Its asymptotic stability
is evaluated around the equilibrium point, while considering
some technological constraints. Finally, a numerical example is
discussed to clearly show the behavior of the proposed approach
in conceivable scenarios.
Index Terms—Diffusion-based Molecular Communication;
Energy-Harvesting; System Model; Control Theory.

I. I NTRODUCTION
The diffusion-based molecular communication is a key
enabling technology for the Internet of Bio-Nano Things: it
allows to disseminate information molecules between nanodevices, even in scenarios where a dedicated biological infrastructure does not exist (molecules can reach destination
devices by diffusion, while ensuring transmission ranges up
to tens micrometers) [1]–[3]. The generation, release, and
reception of molecules (i.e., hormones, pheromones, proteins,
DNA, and RNA) cause a non-negligible amount of energy
consumption [4], [5]. Thus, considering that nano-devices can
use a limited energy budget available within battery with
restricted capabilities [2], it is of paramount importance to
conceive advanced techniques offering long-lasting communication capabilities at both nano and microscales [6].
The scientific literature on harvesting-communication systems at the macroscale is significantly large and embraces
many methodologies applicable to heterogeneous communication technologies and application domains [7], [8]. However,
traditional approaches (e.g., those leveraging solar, wind, and
thermal energy) seem to be inefficient at nano and microscales.
Here, it is preferable to use different energy harvesting models,
based on mechanical and chemical sources [9], [10]. Recent
advancements in the nanotechnology field offer the opportunity to harvest the energy from external vibrations (e.g., the
V. Musa, G. Piro, L.A. Grieco, and G. Boggia are with the Department of Electrical and Information Engineering (DEI), Politecnico di Bari,
Italy, and with Consorzio Nazionale Interuniversitario per le Telecomunicazioni (CNIT) (e-mail: {vittoria.musa, giuseppe.piro, alfredo.grieco, gennaro.boggia}@poliba.it).

human heartbeat in in-vivo applications) through piezoelectric
nanogenerators made up by Zinc Oxide nanowires [11], [12].
Some contributions already envisaged to adopt piezoelectric
nanogenerators to feed nano-devices willing to communicate
through electromagnetic waves in the Terahertz band [13] or
to selectively stimulate peripheral nerves in the human body
through light signals [14], [15].
With reference to diffusion-based molecular communications, some works formulated interesting energy-aware communication mechanisms. The molecule harvesting concept,
according to which the energy cost due to the generation of
molecules can be reduced by retrieving chemical material from
the surrounding environment, is presented in [16], [17]. Here,
a further energy saving can be achieved by exploiting relay
nodes [5], [18]. Unfortunately, none of the works presented
in [5], [16]–[18] considers all the energy needs related to
the communication process and the actual energy budget
available within nano-devices, as explicitly highlighted in [18].
Moreover, to the best of authors’ knowledge and according to
a recent survey on molecular communication [6], the joint
integration of energy-harvesting mechanisms that leverage
piezoelectric nanogenerators and energy-aware transmission
scheme for diffusion-based molecular communications still
remains an unexplored research topic.
Hereby, to bridge this gap, a feedback control approach
is proposed. Specifically: 1) by inheriting from the work
in [13], the harvesting process has been modeled as an
ideal voltage source in series with a resistor and a ultrananocapacitor; 2) the discharging process has been modeled
through a current generator in parallel with the aforementioned
ultra-nanocapacitor; 3) the instantaneous load current has
been dynamically tuned through a proportional controller in
a closed-loop control scheme by simultaneously considering
harvesting and discharging processes. The resulting system is
described in Section II through a nonlinear state equation. The
acceptable range of values of the proportional control gain
guaranteeing technological constraints and asymptotic stability
of the system around the equilibrium point is discussed in
Section III. Then, a numerical example is presented in Section
IV to clearly show the behavior of the proposed approach
in conceivable scenarios. The main findings of the letter and
future research activities are finally drawn in Section V.
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TABLE I
L IST OF THE MAIN SYMBOLS USED IN THIS LETTER

Symbol
Tb ,
Ts
η(t),
η0
π
vn ,
Rn ,
Cn
hn
tn
in (t),
il (t),
ic (t)
p(t)
kp
Vc (t),
•
V c (t)
E0
E(t)
V∞
Qm
φm
ξ

Description
Time interval needed to release a burst of molecules and
symbol duration
Duty cycle of the signal to transmit and its average value
Occurrence probability of bit 1
Generator voltage, resistance, and capacitance of the ultrananocapacitor of circuit modeling the harvesting process

Fig. 1. Equivalent circuit of harvesting and discharging processes.

Amount of harvested energy per cycle
Time duration of the harvesting cycle
Generator current, load current, and current through the
ultra-nanocapacitor
Transmission power
Proportional gain of the controller
Voltage across the ultra-nanocapacitor and its variation
Set point of the closed-loop control scheme
Available energy budget at the ultra-nanocapacitor
Equilibrium point of the closed-loop control scheme
Minimum number of emitted molecules for bit 1
Minimum amount of energy required to transmit bit 1
Conversion rate from electrical to chemical energy

II. S YSTEM MODEL
The system modeled herein considers an electrochemical nano-device supplied with a piezoelectric nanogenerator,
willing to transmit information messages via diffusion-based
molecular communication. The main analytical symbols used
in this letter are reported in Table I.
At the physical layer, transmitter and receiver nano-devices
are supposed to be synchronized. This goal can be achieved
by means of one of the mechanisms already proposed in the
current state of the art [2], [19], [20]. Moreover, long sequence
of bits is delivered according to the On-Off Keying modulation
scheme [21]. Thus, the bit 1 is encoded with the transmission
of a burst of molecules, released in a very tiny time interval,
Tb , while the bit 0 is encoded with the silence (no molecules
are transmitted). A fixed symbol duration, lasting Ts  Tb ,
is also considered. The duty cycle of the transmission signal,
η(t), represents the ratio between the amount of time spent
to release a burst of molecules and the symbol duration.
Assuming a probability of occurrence of bit 1 equal to π,
its average value is equal to η0 = πTb /Ts . The amount of
energy required to generate and release a burst of molecules
is assumed to be comparable with the one consumed by pure
biological systems leveraging the diffusion-based molecular
communication [4]. Given the distance between transmitter
and receiver, the number of released molecules strictly influences the system behavior [21]. Therefore, it is possible to
define the minimum number of molecules that guarantees the
desired level of performance, i.e., Qm , and the related energy
consumption, φm .
Harvesting and discharging processes are shown in Fig. 1.
The harvesting process uses an array of Zinc Oxide nanowires
[11], [12] to generate an alternating current signal and a
rectifier element to convert it into a direct current source [13],
[15]. In line with [13], [15], it is modeled through an ideal
voltage source, vn , in series with a resistor, Rn . This source
provides an amount of charge per cycle, hn , every tn seconds,

Fig. 2. The conceived closed-loop control scheme.

which already takes into account the energy loss due to the
conversion between the mechanical energy and the circuit
actual current. Let in (t) be the generator current. The resulting
harvested energy is stored within a ultra-nanocapacitor with
capacitance Cn . In particular, ic (t) and Vc (t) are the current
and the voltage across the ultra-nanocapacitor, respectively.
The energy budget available at the ultra-nanocapacitor feeds
the transmission. Assuming a load in parallel with the ultrananocapacitor, the related discharging process is modeled by
means of a current source with an instantaneous load current
il (t). The conversion from electrical energy to molecules
includes two main processes. First, the electrical energy stored
within the ultra-nanocapacitor is converted to chemical energy through an electrochemical process, which introduces
a conversion rate ξ [22]. Second, the chemical energy is
used to generate and release molecules into the medium
[18]. Accordingly, the power transmission (i.e., the number
of molecules releasable in a time unit) can be simply derived
by considering the load current, il (t), the voltage across the
ultra-nanocapacitor, Vc (t), and the conversion rate ξ:
p(t) = ξil (t)Vc (t).

(1)

The methodology formulated in this letter supposes to
tune the instantaneous load current il (t) with a proportional
controller in a closed-loop control scheme. The system is
analytically modeled by considering the voltage across the
ultra-nanocapacitor, Vc (t), as the state variable. The resulting
feedback control approach is depicted in Fig. 2. With the
aim of ensuring a positive energy consumption during the
transmission process, the control law is designed in order to
obtain a positive value of il (t). To this end, two important
assumptions are introduced: the proportional gain of the controller, kp , can only assume positive values (i.e., kp > 0) and
the energy budget available at the ultra-nanocapacitor, E(t), is
considered as the feedback variable. At the same time, in order
to obtain an instantaneous load current il (t) proportionally to
the available energy budget, a null set point, i.e., E0 = 0,
2
is considered. Since E(t) = 21 Cn Vc (t) , the resulting closedloop control scheme is nonlinear.

3

To sum up, harvesting and discharging processes lead to
•
a variation of the state variable in the time domain, V c (t),
described through a state equation.
Theorem 1. The state equation describing the variation of
the voltage across the ultra-nanocapacitor of the considered
system is:
2

•

V c (t) =

vn
Vc (t)
kp η(t)Vc (t)
−
−
.
Rn Cn
Rn Cn
2

(2)

Proof. With reference to the circuit depicted in Fig. 1, the
Kirchhoff laws state that:
vn = Rn in (t) + Vc (t) = Rn ic (t) + Rn il (t) + Vc (t).

(3)

As well known, the variation of the voltage across the ultrananocapacitor depends on the current through the capacitor
•
ic (t) and its capacitance Cn , that is V c (t) = ic (t)/Cn .
Therefore, ic (t) can be written as:
•

ic (t) = V c (t)Cn .

(4)

Due to the devised control approach, the load current il (t)
is proportional to the amount of available energy, E(t), and
the duty cycle of the signal to transmit, η(t):
2

kp Cn η(t)Vc (t)
.
2
Now, substituting (4) and (5) in (3), it holds:
il (t) = kp E(t)η(t) =

(5)

2

kp Cn η(t)Vc (t)
+ Vc (t). (6)
2
After a bit of algebra, it is possible to finalize the proof.
•

vn = Rn Cn V c (t) + Rn

III. S TABILITY ANALYSIS
The stability of the nonlinear system modeled in Section II
is now evaluated around the equilibrium point.
Theorem 2. Given the nonlinear system modeled in Section
II, a valid equilibrium point for the considered system is:
p
−1 + 1 + 2η0 vn kp Rn Cn
V∞ =
.
(7)
η0 kp Rn Cn
Proof. For a continuous-time system, the equilibrium points
can be found by assuming a constant input and by imposing
•
V c (t) = 0. The constant input is set to the average duty cycle
of the signal to transmit, i.e., η0 . Therefore, by posing Vc (t) =
V∞ and η(t) = η0 in (2), equilibrium points can be found by
solving the following second-order equation:
kp η0
1
vn
V∞ 2 +
V∞ −
= 0.
2
Rn Cn
Rn Cn

(8)

This√equation has two roots. The first one is V∞1 =
−1− 1+2η0 vn kp Rn Cn
. Since kp > 0, V∞1 is always negative.
η0 kp Rn Cn
By inverting the polarization of the voltage across the ultrananocapacitor, the Kirchhoff first law applied to the circuit in
Fig. 1 stands that il (t) = ic (t) + in (t) > in (t). This means
that, at the equilibrium, the load drains more current than the
one generated by the harvesting process. Therefore, V∞1 is
not an admissible equilibrium point. Conversely, the second

√
−1+ 1+2η0 vn kp Rn Cn
, provides an acceptable
root, V∞2 =
η0 kp Rn Cn
equilibrium point. This concludes the proof.
As initially anticipated, the control law has been designed
by imposing kp > 0. Nevertheless, other considerations should
be done for obtaining the suitable range of values of the
proportional gain kp .
Theorem 3. The acceptable range of values of the proportional control gain kp is:
√
√
−A + A2 − B
−A − A2 − B
≤ kp ≤
(9)
D
D
where A = vn ξTs (3φm Rn − vn 2 ξTs ), B = 4φm 3 ξTs Rn 3 ,
and D = φm 2 η0 Cn Rn 3 .
Proof. The proof is achieved by considering four conditions.
First, the equilibrium point obtained by Theorem 2 must
be defined in the real domain. Accordingly, the squared root
and the denominator cannot assume negative and zero values,
respectively, that is:
1 + 2η0 vn kp Rn Cn ≥ 0 and η0 kp Rn Cn 6= 0.

(10)

Analytically, (10) is satisfied if kp ≥ − 2η0 vn1Rn Cn and
kp 6= 0. Therefore, considering the initial assumption on the
proportional gain (i.e., kp > 0), this first condition is always
verified.
Second, as highlighted in the proof of Theorem 2, the
equilibrium point must assume positive values (i.e., V∞ > 0).
This condition is always verified when kp > 0.
The third condition refers to the maximum voltage across
the ultra-nanocapacitor. The equilibrium point cannot exceed
the source voltage, vn , that is V∞ ≤ vn . Analytically:
p
−1 + 1 + 2η0 vn kp Rn Cn
V∞ =
≤ vn .
(11)
η0 kp Rn Cn
The (11) is verified when kp > 0. Also in this case, the initial
assumption on the proportional gain of the controller (i.e.,
kp > 0) ensures that this second condition is always satisfied.
Finally, the load current il (t) at the equilibrium provided by
the closed-loop control scheme should ensure the transmission
of the minimum number of molecules that guarantees the
desired level of performance: p(t)Ts |V∞ ,η0 ≥ φm . Indeed,
given (1) and (5), it holds:
p(t)Ts |V∞ ,η0 =

1
ξCn η0 Ts kp V∞ 3 ≥ φm .
2
√

(12)

2

Analytically,
(12) is verified if −A− DA −B ≤ kp ≤
√
2
−A+ A −B
.
D
To sum up, considering all the analyzed conditions, the
fourth constraint determines the upper and the lower bounds to
the acceptable range of values of kp , concluding the proof.
Theorem 4. The system having a state equation described in
(2) is asymptotically stable around V∞ for any kp > 0.
Proof. The state equation in (2), also reported in what follows
•
as V c (t) = f (Vc (t), η(t)), refers to a nonlinear system.
Nevertheless, in a small neighborhood of the equilibrium point,
V∞ , the aforementioned system can be assumed to be linear.
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Hence, it is possible to introduce a linearization around the
equilibrium point, V∞ , by using the Taylor series:
•

V c (t) = f (Vc (t), η(t)) ≈

≈ f (V∞ , η0 )+∇f (V∞ , η0 )·

∆Vc (t)
∆η(t)

(13)


,

where f (V∞ , η0 ) = 0 by definition, ∆Vc (t) = Vc (t)−V∞ and
•
∆η(t) = η(t) − η0 . By considering the variable ∆V c (t), the
linearized state equation is:
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∂f (Vc (t), η(t))
∆η(t) =
∂η(t)
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1
kp V∞ 2
= −
− η0 V∞ kp ∆Vc (t) −
∆η(t) =
Rn Cn
2
= X∆Vc (t) + Y ∆η(t).
(14)
Now, given the linearized state equation around the equilibrium point, the considered system is asymptotically stable
if the coefficient that multiplies ∆Vc (t) in (14) is less than 0
[23], that is:


1
X= −
− η0 V∞ kp < 0.
(15)
Rn Cn

(b)

Fig. 3. Equilibrium point, V∞ , as a function of the proportional gain, kp ,
when (a) Cn = 0.9 nF and hn = 0.6 pC, and (b) Cn = 9 nF and hn = 6
pC.

+

By√substituting (7) in (15), it brings to the following inequality
1+2η0 vn kp Rn Cn
< 0, which is always verified. Therefore,
−
Rn Cn
considering the initial assumption on the proportional gain
(i.e., kp > 0), the modeled system is asymptotically stable
around V∞ .
Theorem 4 highlights that the stability analysis around the
equilibrium point does not further restrict the study presented
by Theorem 3. Therefore, it is possible to conclude that the
acceptable range of values of the proportional gain kp given
by (9) makes the system asymptotically stable around V∞ .
IV. N UMERICAL INVESTIGATION
The following numerical example intends to show the behavior of the proposed approach in conceivable scenarios. The
proposed study considers a physical symbol duration Ts = 1
s [21]. Accordingly, Tb is set to 1 ms. Assuming a probability
of occurrence of bit 1, π, equal to 0.5, the average duty cycle
is set to η0 = π TTsb = 5 · 10−4 . The time duration of the
harvesting cycle is set to tn = 1 s. Regarding the energy
harvesting mechanism, a conceivable value for the generator
voltage is 0.42 V, as highlighted in [13], [24]. Furthermore,
the amount of harvested charge per cycle, hn , and the capacitance of the ultra-nanocapacitor, Cn , are directly affected
by the technology used to fabricate the ultra-nanocapacitor
and the size of both piezoelectric nanogenerator and ultrananocapacitor [13], [25], [26]. This letter considers a ultrananocapacitor based on onion-like carbon electrodes [13], [26]
and a reasonable size for both piezoelectric nanogenerator and
ultra-nanocapacitor ranging from 100 µm2 to 1000 µm2 [13],
[25]. In the first case, hn = 0.6 pC and Cn = 0.9 nF. In the
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(b)

Fig. 4. Modulus of the pole of the closed-loop control scheme, |X|, as a
function of the proportional gain, kp , when (a) Cn = 0.9 nF and hn = 0.6
pC, and (b) Cn = 9 nF and hn = 6 pC.

second case, hn = 6 pC and Cn = 9 nF. The source resistor is
set to Rn = vhnntn [13]. The electrical energy stored within the
ultra-nanocapacitor is supposed to be converted to chemical
energy through the water electrolysis process, which presents a
conversion rate equal to ξ = 40% [22]. The chemical energy is
used to generate insulin molecules through the polymerization
of amino acids. According to [4], the process requires the
presence of raw materials (i.e., amino acids) within the nanodevice and an amount of chemical energy to bind amino acids.
Thus, considering Qm = 103 and the model presented in [4],
the minimum amount of energy required to transmit a burst
of molecules encoding the bit 1 is set to φm = 0.023 pJ.
Fig. 3 shows that the equilibrium point decreases with kp .
A higher value of kp leads to an increment of the percentage
of energy budget consumed for transmitting a single burst of
molecules, while reaching lower values of the voltage across
the ultra-nanocapacitor at the equilibrium point. Proposed
results also demonstrate that the range of acceptable values of
kp is drastically limited by the dimension of both piezoelectric
nanogenerator and ultra-nanocapacitor.
Fig. 4 illustrates the effect of kp on the absolute value of
X, as defined in (15). Specifically, X corresponds to the pole
of the examined closed-loop control scheme. According to the
control theory, the time response of the system decreases when
|X| increases. Thus, a high value of kp is preferable to obtain
a system which rapidly returns at the equilibrium state after a
perturbation of the duty cycle η(t) of the signal to transmit.
This means that the dimension of both piezoelectric nano-
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Fig. 5. Variation of the state variable, Vc (t), in the time domain during
the transmission of a long sequence of bits, by considering three different
acceptable values of kp , Cn = 9 nF, hn = 6 pC, and vn = 0.42 V.

generator and ultra-nanocapacitor directly affect the minimum
time response of the formulated control system.
Fig. 5 depicts the variation of the state variable, Vc (t), in
the time domain during the transmission of a long sequence
of bits, by considering three different acceptable values of kp ,
Cn = 9 nF, hn = 6 pC, and vn = 0.42 V. The analysis starts
assuming an initial energy budget equal to φm . It confirms
that the developed system is asymptotically stable around the
equilibrium point, V∞ . A higher value of kp corresponds to
a lower equilibrium point and the time required to reach the
equilibrium point increases when kp decreases.
V. C ONCLUSION
This letter proposed a feedback control approach for an
energy-harvesting and diffusion-based molecular communication system, that dynamically tunes the instantaneous load
current drained by the transmitter interface through a proportional controller. After deriving the state equation of the
nonlinear system, the analysis of its stability and technological constraints provided the acceptable range of values for
the proportional gain. The numerical example illustrated the
behavior of the formulated approach in conceivable scenarios.
Future research activities will investigate how the control law
affects system performance, while jointly considering other
parameter settings for the proposed harvesting and discharging
models, reception procedure, synchronization, and various network configurations. Moreover, the study of electrochemical
processes, the definition of the type of molecules, the reaction
that generates/releases them and related requirements represent
a key challenge to face to move from theory to practice in this
promising research field.
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