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Abstract—In this paper, we propose an optimized transmission
scheme with energy-harvesting for a diffusion-based molecular
communication system composed by nano-devices fed by piezo-
electric nanogenerators. To this end, we firstly derive a system
model that analytically describes the mean and the variance of the
aggregated noise at the output of the receiver and the achievable
Bit Error Rate. Then, we formulate an optimization problem that
minimizes an objective function defined as a linear combination
of the probability that the voltage across the ultra-nanocapacitor
of the transmitter goes under a target value and the number
of enqueued packets. We solve this problem by considering the
actual energy budget, a target Bit Error Rate, and the need to
achieve the simplicity of the transmitter as constraints. Finally,
we use computer simulations to validate the formulated analytical
models and demonstrate the unique ability of the proposed
approach to guarantee BER = 5% and BER = 10% for
communication distances up to 47µm and 50µm, respectively,
while registering better results against baseline scenarios.

Index Terms—Diffusion-based molecular communications,
energy-harvesting, system model, optimization.

I. INTRODUCTION

Diffusion-based molecular communications are emerging as
a groundbreaking solution to deploy interconnected systems
at the nanoscale, enabling pioneering services in medical,
industrial, and environmental application domains [1]. By
encoding and delivering the binary information through dif-
ferent modulation schemes (concentration-based [2], molecule
type-based [3], release time-based [4], and spatial domain-
based [5]), transmitter nano-devices consume a non-negligible
amount of energy (e.g., 100 zJ for 5000 transmitted molecules)
[6], [7]. Accordingly, optimized mechanisms with energy-
harvesting become fundamental to achieve long lasting and
effective communications among nano-devices fed by nano-
batteries with limited capacity [2].

Different scientific contributions formulated optimization
problems for improving the performance of diffusion-based
molecular communication systems [6], [8]–[16]. Some of these
works assumed to limit the number of molecules [10]–[14]
or the amount of energy consumed by the transmitter nano-
device [6] for each symbol. But, none of them considered
the integration of energy-harvesting mechanisms. To the best
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of authors’ knowledge, only [17] and [18] investigated the
adoption of Zinc Oxide (ZnO)-based piezoelectric nanogen-
erators in diffusion-based molecular communication systems.
The resulting transmission solution, however, did not consider
any optimized transmission technique and failed to preserve
the simplicity of the transmitter.

To provide an important step forward in this promising re-
search topic, we present in this paper a novel methodology that
optimizes a diffusion-based molecular communication system
composed of nano-devices fed by ZnO-based piezoelectric
nanogenerators. Without loss of generality, this study focuses
on a telemedicine use case, where implanted nano-devices
collect healthcare information directly from the human body
and occasionally transmit them to a remote monitoring device.

The main scientific contributions of this work are sum-
marized in what follows. First, starting from existing studies
describing (i) diffusion noise and inter-symbol interference at
the input of the receiver [19] and (ii) the linearized ligand-
receptor model [20], this work provides an analytical formu-
lation of the mean and the variance of the aggregated noise
at the output of the receiver in order to compute the error
probability. Second, by modeling the transmission process
with a current generator, as in [18], we derive the probability
that the voltage across the ultra-nanocapacitor goes under
a target value and the number of enqueued packets, based
on the transmission process behavior, to properly formulate
the optimization problem. Third, we conceive a novel op-
timization problem to dynamically select the load current
among a very limited subset of possible values on a per-frame
basis, while satisfying energy constraints and target Bit Error
Rate (BER). According to [12], the optimization problem is
solved by a remote nano-device interacting with the transmitter
nano-device through an out-of-band communication technique
that, despite out-of-scope of this work, further ensures the
transmitter simplicity. Fourth, computer simulations are used
to validate the proposed analytical models and demonstrate
that the conceived methodology always satisfies the expected
performance levels in conceivable scenarios with different
configuration parameters.

The rest of this work is organized as follows. Section
II discusses the state-of-the-art on solutions targeting long-
lasting communication capabilities or formulating optimiza-
tion problems for diffusion-based molecular communications.
Section III describes the considered system model, analyzing
the aggregated noise at the output of the receiver and the
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resulting BER. Section IV presents the conceived optimization
problem. Section V illustrates the numerical results. Finally,
Section VI draws the conclusions of the work and summarizes
future research activities.

II. STATE OF THE ART

In diffusion-based molecular communications, the genera-
tion, release, and reception of information molecules cause a
non-negligible amount of energy consumption [6], [7]. This
section reviews the scientific works addressing this important
aspect, while also highlighting the literature gaps that our
contribution intends to overcome.

Initial solutions targeting long-lasting communication ca-
pabilities at both micro and nanoscales envisage to refill
the transmitter reservoir by retrieving information molecules
from the surrounding environment [21]–[24]. These works,
however, do not consider all the energy needs related to the
communication process and the actual energy budget available
within nano-devices (first literature gap).

Differently, energy-harvesting techniques can be used to
retrieve energy from mechanical [25], [26] and chemical
[27], [28] sources available in the surrounding environments.
Piezoelectric nanogenerators, composed of ZnO [25] or lead
zirconate titanate (PZT) [26] nanowires, for instance, retrieve
electrical energy from external vibrations. Unfortunately, most
of contributions in this context do not consider diffusion-
based molecular communications (second literature gap): they
investigated the adoption of piezoelectric nanogenerators to
feed nano-devices communicating through electromagnetic
waves in wireless nano-sensors networks at the Terahertz band
[29]–[31] or to selectively stimulate peripheral nerves in the
human body through light signals [32], [33].

Regarding diffusion-based molecular communications,
piezoelectric nanogenerators have been proposed to feed nano-
devices only in [17], [18]. These works proposed a power
control mechanism based on a closed-loop control scheme,
where the amount of molecules to transmit is set proportional
to the available energy budget. By modeling the transmission
process through a current generator, they assumed to select any
load current value within a range that ensures global asymp-
totic stability and target performance. Instead, to preserve the
transmitter simplicity, it would be desirable to select the load
current among few available possibilities, e.g., through an
optimized approach (third literature gap).

The optimization theory has been used in diffusion-based
molecular communications to improve transmission efficiency
[6], [8], increase the quality of the received signal [9], find
the optimal threshold or detection scheme minimizing the
error probability [10], and optimize the resource allocation in
multi-user scenarios [11]–[13], as well as to find the optimum
relay position [15] and the optimal number of transmitted
molecules [14], [16] that minimize the BER in cooperative and
mobile networks. Here, only [6], [10]–[14] propose to optimize
transmission settings by considering an initial available energy
budget. However, none of them investigate the adoption of
energy-harvesting mechanisms, which produce a variation
of the available energy budget over time, and look at the
transmitter simplicity (fourth literature gap).
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Fig. 1. The considered molecular communication system model, including a
point transmitter fed by piezoelectric nanogenerator and a spherical receiver.

To bridge all these gaps, we propose a novel, optimal,
and energy-harvesting transmission scheme for a diffusion-
based molecular communication system, allowing to preserve
the simplicity of the transmitter by selecting the amount of
energy to be consumed for communication purposes among
few possible values, while also considering both performance
and energy constraints.

III. THE SYSTEM MODEL

This work focuses on a pioneering telemedicine use case,
enabled by diffusion-based molecular communications, where
implanted nano-devices deliver biological information on de-
mand (i.e., when there is a significant variation in the measured
value or when the doctor visits the patient). The considered
system includes a point transmitter fed by a piezoelectric nano-
generator, an aqueous propagation medium where molecules
freely diffuse, and a spherical receiver equipped with homo-
geneously distributed receptors (see Fig. 1). Depending on the
specific scenario, nano-device may 1) follow the bloody stream
and communicate with a fixed receiver every cycle, 2) send
information only when there is a significant variation in the
measured value, or 3) transmit information when the doctor
visits the patient. Indeed, to model the bursty nature of the
communication process, we also assume that the transmitter
sends information molecules only during constant ON times,
while staying silent for OFF time periods tOFF (see Fig. 2).
The transmitter uses the On-Off Keying (OOK) modulation
(i.e., the most suitable transmission scheme for constrained
and nanoscale devices [2]) to release Q or zero molecules for
1-bits and 0-bits, respectively. The symbol duration is denoted
with Ts, while the time interval Tb required to release a burst
of molecules is much smaller than Ts, that is Tb � Ts. Let
Tf be the frame duration. The tON period allows transmitting
M consecutive frames of N bits: tON = MTf , Tf = NTs.
The duration of OFF periods can be described through an
exponential random variable.
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Fig. 2. The transmission model with ON periods, composed by M frames,
and variable OFF periods.

In what follows, Section III-A summarizes the main theo-
retical results that are at the basis of the developed approach.
Then, Section III-B further enriches the reference system
model by analytically deriving the mean and variance of
the aggregated noise at the output of the receiver and the
resulting BER, essential for formulation of the performance
constraint to be considered by the optimization problem in
Section IV. Note that most of the considered variables depend
on the communication distance, d. This dependence, however,
is omitted to simplify the notation.

A. Models for Transmitter, Propagation, and Reception
We suppose that transmitter and receiver are synchro-

nized according to [34]. The transmitter hosts a piezoelectric
nanogenerator composed of arrays of ZnO nanowires which,
excited by vibrations due to the human heartbeat, provides
energy to system communication procedures [25], [29], [30],
[32], [33]. In line with [18], the harvesting and discharging
processes are modeled through the equivalent circuit depicted
in Fig. 1. The harvesting process is represented by an ideal
voltage source, vn, in series with a resistor, Rn, and an ultra-
nanocapacitor with capacitance Cn and voltage Vc(t) [29]. The
voltage source generates an electric charge hn every cycle time
tn, where hn considers the loss due to the conversion between
mechanical and electrical energy [29]. On the other hand, the
discharging process is modeled with a current source (i.e., the
load current i(t)) in parallel with the ultra-nanocapacitor [17],
[18]. The discrete-time state equation of the harvesting and
discharging system is [18]:

Vc(tj+1) = Vc(tj)e
−

Tf
RnCn +

(
e−

Tf
RnCn − 1

)(
i(tj)Rn − vn

)
,

(1)
where Tf corresponds to the frame duration and tj is the initial
time instant of the j-th frame, that is tj = tk + (j − 1)Tf
with j ∈ [1,M ]. The transmission power spent during the j-th
frame, p(tj), is computed by considering the conversion rate ξ
of the electrochemical process used to recover chemical energy
from the electrical energy stored in the ultra-nanocapacitor
[35], [36], the voltage across the ultra-nanocapacitor at the
beginning of the j-th frame, Vc(tj), and the chosen load
current, i(tj), that is:

p(tj) = ξVc(tj)i(tj). (2)

The resulting consumed energy, that is Ec(tj) = p(tj)Tf , is
used to generate the information molecules related to the j-th

frame. The amount of energy required to generate and release a
burst of molecules is assumed to be comparable with respect to
the one consumed by pure biological systems using diffusion-
based molecular communications [6].

The emitted molecules freely diffuse in a fluid medium.
Since the concentration of emitted particles is typically much
lower than the medium particle concentration, the molecules
displacement is modeled by a Brownian motion, according to
which information particles diffuse independently from each
other and their motion is affected by the diffusion coefficient
D. Considering a burst of Q released molecules, the molecule
concentration at distance d and time t is derived by the Fick’s
law of diffusion [37]: c(t) = Q(4πDt)−3/2e−d

2/(4Dt).
The concentration of molecules reaching the receiver is

affected by the diffusion noise and inter-symbol interference
[19]. The diffusion noise, nD(t), is due to collisions of infor-
mation molecules with each other and with the fluid particles
in the propagation medium. It can be modeled as a Poisson
and additive noise [19]. However, considering a large number
of emitted molecules, it can be approximated by a Gaussian
distribution [38]. Accordingly, the diffusion noise is described
by an additive Gaussian noise with zero mean and variance
depending on the measured signal: nD(t) ∼ N (0, σ2

D(t)).
According to [19], the variance of the diffusion noise is
computed as σ2

D(t) = c(t)/Vrx, where c(t) is derived by the
Fick’s law of diffusion and Vrx is the receiver volume. The
inter-symbol interference, nI(t), instead, is generated by the
molecular concentration related to the previously transmitted
symbols. It is modeled as a Gaussian random variable, i.e.,
nI(t) ∼ N (α, β), where the mean α and the variance
β depend on the communication distance, the number of
emitted molecules, the propagation medium properties, and
the adopted transmitter and receiver [39]. In what follows, the
mean and variance of the inter-symbol interference are numer-
ically derived. Indeed, the actual concentration of molecules
reaching the receiver side at distance d and time t is equal to
cr(t) = c(t) + nD(t) + nI(t).

The molecule concentration reaching the receiver sphere
interact with the receptor placed on the receiver surface,
according to the ligand-receptor reaction [40]. Without loss
of generality, this work considers a widely accepted receiver
model based on the ligand-receptor reaction proposed in
[2], that represents a recent highly-cited work. However,
with few adjustments, the results of this work may be ex-
tended to other reactive receiver models as well. According
to [2], hence, the variation of the number of molecules
really captured by the receiver, zr(t), is given by the fol-
lowing non-linear receiver model dzr(t)/dt = kfRcr(t)
−kfcr(t)zr(t)−krzr(t), where R is the number of receptors,
kf is the forward reaction rate, kr is the reverse reaction rate.
However, assuming kf � kr, the non-linear term kfcr(t)zr(t)
can be neglected and the receiver model becomes linear, that
is dzr(t)/dt = kfRcr(t) − krzr(t). Considering its Fourier
transform, the receiver is modeled as a low-pass filter with
transfer function H(f) and pulse response h(t):

H(f) =
kfR

kr + j2πf
; h(t) = kfRe

−krtu(t). (3)
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Finally, the received signal is sampled to detect the max-
imum number of molecules received in each time slot and
it is compared with a given threshold, Θ. If the measured
signal is higher than Θ, the receiver assumes that the received
bit is equal to 1, otherwise the symbol is decoded as 0.
Then, the optimal sampling time is derived by considering
the closed-form solution of the linear ligand-receptor reaction
when the received concentration of molecules is only related
to the emitted signal (i.e., cr(t) = c(t)) without noise con-
tributions, that is dzr(t)/dt = kfRc(t) − krzr(t) with initial
conditions c(t = 0) = 0 and zr(t = 0) = 0. Accordingly,
zr(t) = e−krtkfR

∫ t
0
c(τ)ekrτdτ , where c(t) is the result

of the Fick’s law of diffusion. The optimal sampling time
T , corresponding to the maximum received signal without
noise Cmax, is obtained by numerically evaluating the time
instant in which the first time derivative of zr(t), that is
dzr(t)/dt = kfRc(t)− krzr(t), is equal to 0.

B. Developed Noise Model

The performance of the considered system is evaluated in
terms of error probability. To properly evaluate the average
BER, it is necessary to quantify the mean and the variance of
the aggregated noise at the output of the receiver. The noise
at the input of the receiver, nin, is composed by the sum of
two independent Gaussian random variables (i.e., the diffusion
noise, nD, and the inter-symbol interference, nI ). Hence, the
aggregated noise at the output of the receiver, nout, is obtained
by filtering nin with the low-pass filter described in (3).

Theorem 1: Let α, kf , kr, and R be the mean of the inter-
symbol noise at the input of the receiver, the forward reaction
rate, the reverse reaction rate, and the number of receptors
around the receiver sphere, respectively. Then, the mean of
the noise at the output of the receiver is:

µout = α
kfR

kr
. (4)

Proof: The sum of two independent Gaussian random
variable (i.e., nD and nI ) is still a Gaussian random variable
with mean equal to the sum of the two means and variance
equal to the sum of the two variances, that is nin(t) ∼
N (α, β + σ2

D(t)) [20]. Thus, given the pulse response h(t)
derived in (3), the mean at the output of the receiver can be
evaluated as µout = α ∗ h(t) = αH(0) = αkfR/kr.

Theorem 2: Let kf , kr, R, β, D, Q, Vrx, d, T , and b be the
forward reaction rate, the reverse reaction rate, the number
of receptors, the variance of the inter-symbol interference
at the input of the receiver, the diffusion coefficient of the
propagation medium, the number of emitted molecules for 1-
bits, the volume of the receiver, the communication distance,
the sampling time, and the transmitted bit, respectively. Then,
the variance of the noise at the output of the receiver is:

σ2
out =


βk2

fR
2

k2
r

, if b = 0

k2
fR

2

kr

[
β

kr
+

Q

Vrx(4πD)
3
2

e−krTΓ(T )

]
, if b = 1

(5)
where Γ(T ) =

∫ T
0

(e−d
2/(4Dν)/ν

3
2 )ekrνdν.

Proof: Let w(t) be a normal random variable (i.e.,
w(t) ∼ N (0, 1)). Considering the relationship between a
Gaussian random variable and a normal random variable,
the noise at the input of the receiver can be written as
nin(t) = α +

√
β + σ2

D(t)w(t). The autocorrelation of the
noise at the input of the receiver is computed by considering
two time instant, t1 and t2, with t2 ≥ t1:

Rnin(t1, t2) = E[nin(t1) · nin(t2)]

= α2 +
(
β +

√
σ2
D(t1)σ2

D(t2)
)
δ(t2 − t1).

(6)

Since the autocorrelation in (6) depends on the considered
time instant, t1 and t2, the noise process is not wide-sense
stationary. Therefore, the autocorrelation at the output of the
receiver is computed as h(t1)∗h(t2)∗Rnin(t1, t2), where h(t1)
and h(t2) are the pulse response of the receiver, evaluated in
t1 and t2, respectively. Considering that the term multiplied by
the delta function in (6) is different from zero only if t1 = t2,
the autocorrelation of the noise at the output of the receiver,
that is Rnout(t1, t2), is derived in (7).

Now, the power of the noise at the output of the receiver,
Pnout , can be computed by evaluating the autocorrelation at
the output when t1 = t2 = T (where T is the sampling
time instant), that is: Pnout = Rnout(T, T ). Hence, by
evaluating the (7) for t1 = t2 = T and remembering that
σ2
D(t) = c(t)/Vrx = Q(4πDt)−3/2e−d

2/(4Dt)/Vrxu(t) (see
Section III-A), Pnout can be written as:

Pnout =
k2
fR

2

kr

[
α2

kr
+
β

kr
+

Q

(4πD)3/2Vrx
e−krTΓ(T )

]
, (8)

where Γ(T ) =
∫ T

0
(e−d

2/(4Dν)/ν
3
2 )ekrνdν. Then, the variance

of the noise at the output of the receiver is equal to:

σ2
out = Pnout − µ2

out, (9)

where the autocorrelation of the noise at the output of the
receiver and the resulting variance strongly depend on the
transmitted bit b. Finally, the proof can be easily concluded
by substituting (4) and (8) in (9).

To sum up, the aggregated noise at the output of the
receiver is obtained by filtering the noise at the input with
the ligand-receptor process and it is modeled as a Gaussian
random variable with mean µout and variance σ2

out, that is
nout ∼ N (µout, σ

2
out).

Finally, in line with [41], the average BER is computed as:

Pe=
1

4

[
erfc

(
Θ− µout√
2σ2

out|b=0

)
+ erfc

(
µout + Cb=1

max −Θ√
2σ2

out|b=1

)]
,

(10)
where the transmitted bits b are independent and equally
distributed, Θ is the detection threshold, and Cb=1

max =

e−krT kfR
∫ T

0
c(τ)ekrτdτ is the maximum number of received

molecules without the noise when a 1-bit is emitted.

IV. THE OPTIMIZATION PROBLEM

Considering the relationship between the transmission
power and the load current reported in (2), we formulate
an optimization problem that chooses the sequence of load
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Rnout(t1, t2)=(α2 + β)H(0)

∫ +∞

−∞
h(t1 − ν)dν +H(0)

∫ +∞

−∞
σ2
D(ν)h(t1 − ν)dν =

=
k2
fR

2

kr

[
(α2 + β)e−kr(t1)

∫ t1

−∞
ekrνdν +

Q

(4πD)3/2Vrx
e−krt1

∫ t1

0

e−
d2

4Dν

ν3/2
ekrνdν

]
=

= α2
k2
fR

2

k2
r

+ β
k2
fR

2

k2
r

+
Q

(4πD)3/2Vrx

k2
fR

2

kr
e−krt1

∫ t1

0

e−
d2

4Dν

ν3/2
ekrνdν.

(7)

currents i(tj) for j = 1, ...,M frame-by-frame, starting from a
very limited subset of possible values (i.e., i(tj) ∈ {0, il, ih})
in order to preserve the simplicity of the transmitter. Along
with a low-level and a high-level of the load current, we also
consider a 0-value, which can be chosen when the amount of
available energy is not enough to transmit the frame and ensure
the expected BER level. The sequence of load current values
is selected in order to simultaneously minimize the number of
enqueued packets and the probability that the voltage in the
ultra-nanocapacitor is lower than a value ε at the beginning of
the successive ON time (i.e., q(tk+1) and Pr(Vc(tk+1) ≤ ε),
respectively), while also fulfilling energy constraints (i.e.,
Vc(tj+1) ≥ 0) and target BER (i.e., Pe(j) ≤ P̂e). In each
ON time period, the first frame is used by the transmitter
to communicate information about the selected load currents
for the successive frames. This way the receiver can calculate
the transmission power in each frame for 1) eliminating the
bias generated by the inter-symbol interference that produces
non-zero average noise and 2) optimizing the threshold value
frame-by-frame.

The optimization problem is solved by a remote nano-
device with higher computational capabilities [12]: starting
from system parameters, such a device obtains the optimal se-
quence of load currents and delivers it to the nano-transmitter.
The molecular communication considered herein is static,
i.e., the conditions of the channel (communication distance,
diffusion coefficient, etc.) remain constant during the ON
period. This prevents the related problems due to parameter
changes involved in the optimization problem. Furthermore,
the communication with the remote nano-device can take place
before each tON period, communicating all the load current
values to be used in the successive frames. This way, this
information exchange is performed during the tOFF periods,
thus avoiding data processing and propagation delays. Without
loss of generality, this work supposes to communicate the
channel conditions only during the first tOFF , while trans-
mitting only the transmitter status (i.e., number of enqueued
packets and amount of available energy) during the following
tOFF periods. Hence, the amount of energy consumed during
the tOFF periods is supposed to be negligible compared to
the energy consumption due to the communication between
transmitter and receiver nano-devices.

A. Formulation of the Objective Function

To formulate the optimization problem, we consider the
impact of the selected load current values on the objective
function, achieved through the scalarization method: at time

tk+1, the weighted sum of the probability that the voltage
in the ultra-nanocapacitor is lower than a target value ε
and the number of enqueued packets is considered (i.e.,
γPr(Vc(tk+1) ≤ ε) + (1 − γ)q(tk+1)). Here, γ is a weight
assuming an arbitrary value from 0 to 1.

Theorem 3: Let the OFF time, tOFF , be an exponential
random variable with parameter λOFF . The probability to
have at the beginning of the successive ON time an amount
of voltage, Vc(tk+1), lower than ε is equal to:

Pr(Vc(tk+1) ≤ ε) = 1− e−λOFF [−RnCn ln((vn−ε)/Φ)], (11)

where Φ = (vn − Vc(tk))e−
MTf
RnCn + (1 −

e−
Tf

RnCn )Rn
∑M
j=1 i(tj)e

−
(M−j)Tf
RnCn .

Proof: Considering the equivalent circuit depicted in Fig.
1 and the well-known capacitor charging formulation with an
initial voltage, the voltage at the beginning of the successive
ON time, Vc(tk+1), can be calculated starting from the voltage
in tk +MTf :

Vc(tk+1) = Vc(tk +MTf + tOFFk) =

= vn + (Vc(tk +MTf )− vn)e−
tOFFk
RnCn .

(12)

If M = 1, the voltage across the ultra-nanocapacitor at the
end of the frame can be simply computed through (1).

By generalizing, the voltage across the ultra-
nanocapacitor at the end of M frames is Vc(tk + MTf ) =

Vc(tk)e−
MTf
RnCn +

(
e−

Tf
RnCn − 1

)[
Rn
∑M
j=1 i(tj)e

−
(M−j)Tf
RnCn −

vn
∑M−1
m=0 e

−
mTf
RnCn

]
. Moreover, given that

∑M−1
m=0 e

−
mTf
RnCn =

(1− e−
MTf
RnCn )/(1− e−

Tf
RnCn ), it can be written as:

Vc(tk +MTf ) = vn + (Vc(tk)− vn) e−
MTf
RnCn +

+
(
e−

Tf
RnCn − 1

)
Rn

M∑
j=1

i(tj)e
−

(M−j)Tf
RnCn .

(13)
Now, substituting (13) in (12), the amount of voltage across
the ultra-nanocapacitor at tk+1 becomes:

Vc(tk+1)=vn+(Vc(tk)−vn)e−
MTf+tOFFk

RnCn

−
(
e−

tOFFk
RnCn −e−

Tf+tOFFk
RnCn

)
Rn

M∑
j=1

i(tj)e
−

(M−j)Tf
RnCn .

(14)
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Starting from (14), the probability that the voltage in the ultra-
nanocapacitor at time tk+1 is lower than ε can be written as:

Pr(Vc(tk+1) ≤ ε) = Pr

(
vn + (Vc(tk)− vn)e−

MTf+tOFFk
RnCn

−
(
e−

tOFFk
RnCn − e−

Tf+tOFFk
RnCn

)
×Rn

M∑
j=1

i(tj)e
−

(M−j)Tf
RnCn ≤ ε

)
= Pr

(
tOFFk ≤ −RnCn ln

(
vn − ε

Φ

))
,

(15)
where Φ = (vn − Vc(tk))e−

MTf
RnCn + (1 −

e−
Tf

RnCn )Rn
∑M
j=1 i(tj)e

−
(M−j)Tf
RnCn .

It corresponds to the cumulative distribution function of
the exponential random variable tOFF with parameter λOFF .
Accordingly:

Pr(Vc(tk+1) ≤ ε) = 1− e−λOFF [−RnCn ln((vn−ε)/Φ)], (16)

which concludes the proof.
On the other hand, it is possible to estimate the impact of

the load current values on the second element of the objective
function, i.e., the number of enqueued packets at tk+1.

Theorem 4: Considering the number of packet in the queue
at tk, q(tk), the sequence of load currents, i(tj), and the
average number of incoming packet per second, λI , the
number of packet enqueued at the beginning of the successive
ON time can be estimated as:

q(tk+1) = q(tk)−
M∑
j=1

2 arctan(Ki(tj))

π
+(MTf +tOFFk)λI .

(17)
Proof: Starting from an initial number of enqueued

packets in tk of q(tk), the number of packet in the queue
at tk+1 can be evaluated by taking into account the number
of transmitted and incoming packets. The former is computed
by considering the number of frames that can be potentially
transmitted, M , minus the number of times the selected load
current is equal to 0, η0. The latter, instead, corresponds to
the average amount of frames generated and enqueued during
M frames, ηI . Accordingly:

q(tk+1) = q(tk)−M + η0 + ηI . (18)

The number of times the selected load current is 0, η0, can
be estimated through a saturation function, that is:

η0 = M − sat(i(tj)) = M −
M∑
j=1

2 arctan(Ki(tj))

π
, (19)

where (2 arctan(Ki(tj)))/π is equal to 0 if i(tj) = 0,
otherwise it is equal to 1.

The average number of incoming packets ηI , instead, is
described as the mean of a Poisson process with parameter
λI , that is:

ηI = (MTf + tOFFk)λI . (20)

Thus, substituting (19) and (20) in (18), it is possible to
conclude the proof.

B. Formulation of the Constraints

The optimization problem can be formulated by considering
six constraints. The first constraint (i.e., i(tj) ∈ {0, il, ih} for
j = 2, ...,M ) allows choosing the sequence of load currents
i(tj) among a limited set of three possible values. The second
constraint (i.e., i(tj)|q(tj)=0= 0 for j = 2, ...,M ) states that
a load current equal to 0 must be chosen when there are no
more packets to transmit and the queue is empty. The third
constraint (i.e., i(tj) = il for j = 1) imposes that the first
frame (i.e., the one carrying the load currents which will be
used for the current ON time) is transmitted by consuming
the lower current value. The fourth constraint (i.e., Pe(j) ≤
P̂e for j = 1, ...,M ), instead, allows to transmit information
guaranteeing a target performance requirement. Finally, the
fifth constraint (i.e., Vc(tj+1) ≥ 0 for j = 1, ...,M ) avoids to
consume more energy than the available one.

Specifically, the fifth constraint can be explicitly writ-
ten considering the generalized expression in (13), that is
Vc(tj+1) = Vc(tk + jTf ) = vn + (Vc(tk)− vn) e−

jTf
RnCn +(

e−
Tf

RnCn −1
)
Rn
∑j
l=1 i(l)e

−
(j−l)Tf
RnCn ≥ 0. Accordingly, after

a bit of algebra, it becomes:

j∑
l=1

i(l)e−
(j−l)Tf
RnCn ≤ vn − (vn − Vc(tk))e−

jTf
RnCn

(1− e−
Tf

RnCn )Rn

. (21)

It is worthwhile to note that the result of the probability
in (11) makes sense only if the logarithm is a negative
value. Thus, its argument must be lower than 1, that is
(vn − ε)/Φ ≤ 1 where Φ = (vn − Vc(tk))e−

MTf
RnCn + (1 −

e−
Tf

RnCn )Rn
∑M
j=1i(tj)e

−
(M−j)Tf
RnCn . Thus, the possible combi-

nation of i(tj) is further limited as follows:

M∑
j=1

i(tj)e
−

(M−j)Tf
RnCn ≥ vn − ε− (vn − Vc(tk))e−

MTf
RnCn

(1− e−
Tf

RnCn )Rn

,

(22)
representing the sixth constraint of the optimization problem.

C. Final Formulation of the Optimization Problem

Finally, considering an objective function based on
(11) and (17) and the constraints formulated in Section
IV-B, the resulting optimization problem to be solved
is (23), where Φ = (vn − Vc(tk))e−

MTf
RnCn + (1 −

e−
Tf

RnCn )Rn
∑M
j=1 i(tj)e

−
(M−j)Tf
RnCn .

V. NUMERICAL RESULTS

The validation of the formulated analytical models and
the effectiveness of the proposed solution are investigated in
different conceivable scenarios through computer simulations,
carried out by using MATLAB. The conducted study validates
the noise contributions derived in Section III-B and evaluates
the optimal sequence of load currents addressing the optimiza-
tion problem, the resulting variation of the voltage across the
ultra-nanocapacitor, the number of packets in the queue, the
amount of energy consumed for transmission purposes, and
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min
i(j),∀j∈[1,M ]

γ
(
1− e−λOFF [−RnCn ln( vn−ε

Φ )]
)

+(1− γ)
(
q(tk)−

M∑
j=1

2arctan(Ki(tj))

π
+ (MTf + tOFFk)λI

)
s.t. i(tj) ∈ {0, il, ih}, i(tj)|q(tj)=0= 0 ∀j = 2, ...,M

i(tj) = il for j = 1

Pe(j) ≤ P̂e,
j∑
l=1

i(l)e−
(j−l)Tf
RnCn ≤ vn − (vn − Vc(tk))e−

jTf
RnCn

(1− e−
Tf

RnCn )Rn

∀j = 1, ...,M

M∑
j=1

i(tj)e
−

(M−j)Tf
RnCn ≥ vn − ε− (vn − Vc(tk))e−

MTf
RnCn

(1− e−
Tf

RnCn )Rn

(23)

TABLE I
LIST OF SIMULATION PARAMETERS

Nano-device Parameters
R = 500 [40], [41], [43], kf = 0.2 µm3/s [40], [41], [43],
kr = 10 s−1 [40], [41], [43], Vrx = 2000 µm3 [40], [41], [43]
Energy-Harvesting Parameters
hn = 6 pC [29], [30], Cn = 9 nF [29], [30], vn = 0.42 V [29], [30],
tn = 1 s [29], ξ = 40% [35], Vc(0) = ε = Vmin,
Communication Parameters
D = 10−9 m2/s [43], Ts = 1 s [42], Tb = 1 ms, q(0) = 2 pkt,
λI = 0.05 pkt/s, M = 10.

the probability that the voltage is lower than ε. Most of state-
of-the-art parameters are summarized in Table I. Results are
reported as a function of the time, the weight of the objective
function γ, the distance between transmitter and receiver d
(ranging from 20 µm to 50 µm [42]), the average off time
t̄OFF (chosen in the range from 50 s to 200 s), the number
of bit per frame N (ranging from 10 bits to 30 bits), and the
target BER (set equal to 5% or 10%). They are obtained by
averaging 500 independent simulations in order to reduce the
effect of statistical fluctuations.

The conceived optimization problem may not return a
feasible solution in some specific configurations (e.g., high
communication distances). Since the performance constraint
is a firm requirement in the considered telemedicine scenario,
we assume that the system turns off in the case this happens.
Anyway, to demonstrate the unique ability of the proposed
approach to ensure the target performance levels in feasible
scenarios, registered BER values are compared against those
obtained by conventional transmission schemes.

A. Optimal Threshold and Minimum Voltage

Fig. 3(a) depicts the optimal threshold calculated in every
configuration in order to minimize the BER. The optimal
threshold value decreases when the communication distance
increases: according to the Fick’s law of diffusion, the in-
crement of the distance between transmitter and receiver
causes a decrement in the number of received molecules, thus
decreasing the optimal threshold value. For the same reason,
the threshold decreases when the number of emitted molecules
per bit decreases.

Fig. 3(b), instead, shows the minimum voltage across the
ultra-nanocapacitor required to guarantee the target BER.
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Fig. 3. (a) Optimal threshold and (b) minimum required voltage.

Since frames contain N equiprobable bits (i.e., the probability
of 1-bits is equal to 0.5), Vmin is computed by considering the
minimum energy value required to transmit N/2 bits equal to
1. This also fulfills the pre-defined performance level. Vmin
slightly increases up to d = 43 µm, then it increases more
significantly with the communication distance, especially with
lower target BER. In fact, for a given communication distance,
a lower target BER requires a higher number of emitted
molecules and this behavior becomes more evident when the
communication is impaired by the increasing distance between
transmitter and receiver. Considering that the frame is com-
posed by N/2 bits, the minimum voltage per frame is higher
when the frame size increases. Given the minimum voltage
across the ultra-nanocapacitor, tON and tOFF duration, and
the size of the piezoelectric nanogenerator, a higher target
BER allows higher communication distances. For target BER
equal to 5% and 10%, the maximum reachable communication
distance is 47 µm and 50 µm, respectively.

B. Validation of the Noise Model

Simulation results in Fig. 4 validate the analytical model
formulated in Section III-B. As expected from the Fick’s
law of diffusion, the mean and the variance for the 1-bits at
the output of the receiver decrease when the communication
distance increases due to the decrement in the number of
received molecules. Similar results have been obtained for the
0-bit (not reported in Fig. 4 for lack of space). The mean
and the variance of the noise at the output of the receiver
are low with a reduced number of emitted molecules because
i) the diffusion noise is strongly related to the molecule
concentration reaching the receiver and ii) the inter-symbol
interference depends on the number of received molecules.
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Fig. 4. Analytical/simulation results for (a) the mean, (b) the variance for
1-bits of the noise at the output of the receiver.
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Fig. 5. Example of (a) load current sequence, (b) voltage across the ultra-
nanocapacitor, (c) number of enqueued packets, and (d) consumed energy.

C. Behavior of the Optimization Problem

Fig. 5 illustrates the behavior of the obtained communi-
cation system for a single realization, reported in terms of
load current, voltage across the ultra-nanocapacitor, number of
enqueued packets, and consumed energy during the time, by
considering two different weights γ in the objective function
and setting the frame size, the communication distance, the
average off time, and the target BER equal to 10 bits, 30
µm, 100 s, and 5%, respectively. The resulting voltage across
the ultra-nanocapacitor and the number of enqueued packets
are usually higher when a higher weight γ is used. In fact,
considering the objective function in (23), a smaller weight γ
mostly minimizes the number of packets in the queue, while a
higher γ envisages a stricter constraint in terms of voltage.
Since the voltage across the ultra-nanocapacitor increases
with γ, also the energy consumed for transmission purposes
is usually higher. Finally, the energy consumed for packets
transmission is always higher than the minimum energy value
required to accomplish performance requirements.

D. Average Performance of the Optimization Problem

The average performance levels are obtained by setting γ
to 0.5, hence by giving the same priority to the probability
that the voltage across the ultra-nanocapacitor is lower than a
target value and the number of enqueued packets.
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Fig. 6. Probability that the voltage across the ultra-nanocapacitor is lower
than ε as a function of d, t̄OFF , P̂e, and N .
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Fig. 7. Number of enqueued packets as a function of d, t̄OFF , P̂e, and N .

1) Voltage probability: Considering the voltage across the
ultra-nanocapacitor, the probability that this value goes under
a target voltage ε is illustrated in Fig. 6. This probability
maintains a similar value for lower communication distance,
while drastically increases when the target BER is equal
to 5% and the communication distance exceeds 45 µm. In
fact, a higher distance between transmitter and receiver re-
quires an increment of transmitted molecules and, in turns,
of consumed energy in order to accomplish strict constraints
in terms of BER, inevitably reducing the voltage across the
ultra-nanocapacitor. When the target BER is higher or the
communication distance is lower than 45 µm, instead, it
is possible to guarantee the performance requirements with
lower number of transmitted molecules (i.e., lower consumed
energy). On the other hand, the probability of a voltage lower
than ε is always higher with lower average off time. Indeed, a
higher off time allows the transmitter to retrieve more energy
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Fig. 8. Consumed energy as a function of d, t̄OFF , P̂e, and N .
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Fig. 9. BER as a function of d, P̂e, when t̄OFF = 100 s and N= 30 bit.

and the voltage across the ultra-nanocapacitor is higher as well.
2) Enqueued packets: Fig. 7 depicts the behavior of the

number of packets in the queue. In particular, the increasing
of the communication distance usually leads to a growing
enqueued packets due to the increment of the required energy
to transmit each frame. Moreover, higher number of enqueued
packets are obtained for higher frame sizes. In this case, the
transmitter has to manage the available energy to emit an
increasing number of molecules in order to guarantee per-
formance requirements and simultaneously minimize both the
probability that the voltage across the ultra-nanocapacitor goes
under the threshold ε and the number of enqueued packets.
Accordingly, in this extreme scenario, the transmitter chooses
more frequently the zero load current, thus collecting more
packets in the queue. Moreover, as expected from Eq. (20),
the number of incoming packets ηI grows with the increment
of t̄OFF , thus increasing the number of total enqueued packets.

3) Consumed Energy: Results reported in Fig. 8 show
the amount of energy consumed for the transmission process
starting from the selected sequence of load currents for each
configuration. The energy consumption maintains a similar
value up to 45 µm, while it increases for higher communi-
cation distances and higher frame sizes. As already explained,
when the distance between transmitter and receiver exceeds 45
µm, the number of information molecules required to properly
transmit 1-bits and guarantee performance requirements in-
evitably grows, leading to an increasing energy consumption.

For the same reason, a lower target BER usually demands
more effort in terms of consumed energy. At the same time,
a higher number of bits per frame causes an increment of the
number of molecules to be transmitted per frame and, in turns,
higher energy consumption. The amount of consumed energy
is also higher when a high value of off time is used. In this
case, in fact, the transmitter has more time to retrieve energy,
thus increasing the amount of available and consumed energy.

4) Resulting BER: Fig. 9 presents the resulting BER when
the average tOFF is equal to 100 s and N= 30 bit. As expected,
the measured BER increases with the communication distance
because of the reduced number of molecules reaching the
receiver and the high impact of both diffusion noise and inter-
symbol interference. Note that a higher target BER allows
to reach an increasing communication distance: the maximum
tested communication distance (i.e., 50 µm) can be reach only
when the target BER is set to 10%, otherwise the maximum
reachable communication distance for a target BER equal
to 5% is 47 µm. Moreover, the behavior of the proposed
approach has been compared against conventional communi-
cation schemes encoding the symbol 1 through a burst of a
constant number of molecules. Without loss of generality, the
study considers static transmission scheme where Q = 100
[23] and Q = 5000 [37]. The results reported in Fig. 9
demonstrate that conventional transmission schemes are able
to guarantee the target performance level only when the
number of emitted molecules and the communication distance
are very low (i.e., Q = 100 and d < 42 µm when the target
BER is 5% and Q = 100 and d < 48 µm when the target
BER is 10%). Instead, when the number of emitter molecules
is high (i.e., Q = 5000), most of the time the transmission
process fails (i.e., the receiver does not receive any molecules
and decodes all the bits of the frame as 0-bits) because of
the limited, or at most absent, energy budget. Definitively, the
proposed investigation demonstrates the unique ability of the
conceived solution to ensure the expected target BER.

VI. CONCLUSIONS

In this paper, we proposed an optimized and energy-
harvesting transmission scheme for a diffusion-based molecu-
lar communication system. The developed approach dynami-
cally selects the number of molecules to release on a per-frame
basis, while satisfying energy and performance constraints. To
properly define objective function and constraints, we analyti-
cally derived the mean and the variance of the aggregated noise
at the output of the receiver, the probability that the voltage
across the ultra-nanocapacitor goes under a target value, and
the number of enqueued packets based on the behavior of
the transmission process. The main lessons learned are: com-
puter simulations validated the formulated analytical models,
a higher maximum communication distance can be reached
for higher target Bit Error Rate, the proposed methodology
has the unique ability of fulfilling the target Bit Error Rate,
while also guaranteeing the transmitter simplicity and energy
requirements. Future works will explore the effectiveness of
the proposed approach in more complex scenarios handling
multiple communications, heterogeneous transmission tech-
niques, variable system requirements, and different reactive
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receiver models. Moreover, considering the current possibility
to implement every single part of the conceived optimized and
energy-harvested nano-device, it is reasonable to consider the
practical implementation and test of the approach presented in
this paper as another future activity.
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