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ABSTRACT

The realization of interfaces between the biological world and elec-
tronics has the potential to propel the field of Molecular Commu-
nication (MC) to novel frontiers. Plugging MC-enabled devices to
our electrical cyber-world will enable revolutionary applications,
especially in the biomedical field. By stemming from a seminal
proof-of-concept prototype that enables communication between a
biological system and an electrical circuit, based on redox biochem-
ical reactions, this paper introduces the first frequency analysis of
such system and its characterization in terms of communication
performance (capacity). To achieve these results, made possible by
a linearity property in the analytical model of the system, an em-
pirical methodology is followed to obtain the frequency response
and the noise power spectral density of the system from the results
of a simulation framework. The latter was developed in prior work
and made accessible publicly through a web app. A water filling
capacity estimation algorithm is applied to the obtained results
to give a preliminary idea on the communication performance of
such system, which results in a transmission rate equivalent to
0.0587 bits/hour. While orders of magnitude slower than common
electrical or optical communications, these results are in line with
the inherent timescales of the biological systems envisioned to be
interfaced with this technology.
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1 INTRODUCTION

Molecular Communication (MC) has emerged as a promising field,
enabling new possibilities in the development of devices and sys-
tems at the biomolecular and nanoscale domains [1]. Research in
MC leverages the intrinsic properties of molecules to transmit in-
formation, and the natural systems already exploiting them, paving
the way for innovative applications in areas such as targeted drug
delivery, biosensing, and nanoscale robotics [2]. However, one of
the main hurdles for MC to become a viable technology is the real-
ization of reliable interfaces between the biomolecular world and
the electronic domain [3]. These interfaces are crucial for the effec-
tive translation of signals between biological systems and electronic
devices, ensuring seamless integration and performance. Overcom-
ing this challenge is essential to unlock the full potential of MC and
facilitate its widespread adoption in various applications.

In recent years, several works targeted the design and even the
prototyping [4] of interfaces between MC and electronics, but few
focused on interfacing specifically with the biological world. In
this specific direction, a series of seminal works [5-7] was one of
the first attempts to demonstrate experimentally that biochemical
reactions called redox, where molecular species exchange electrons,
can effectively propagate molecular information from a biological
system to an electrical circuit (and vice versa). While an experi-
mental proof-of-concept of this system was realized, its thorough
performance characterization and modeling to support an engi-
neering design process and optimization is currently missing. This
investigation direction has the potential to result into engineering
design rules and concepts and turn this first experimental proof
into a viable architecture for future MC-enabled devices [3].

Research in the MC field has been instrumental in realizing
tools to model, characterize, and control biochemical and nanoscale
systems starting from the characterization of their communica-
tion performance metrics [8]. One of the challenges in the char-
acterization of communication performance in MC systems that
include biological component stems from the highly non-linear and
complex nature of the corresponding mathematical models. The
adopted approach has been to produce datasets through compu-
tational modeling/simulation or experimental activities, and then
applying empirical tools to quantify communication performance
and define potential design rules [9, 10].

In this paper, we propose an analysis and characterization of the
aforementioned redox-based MC system in the frequency domain.
In particular, we estimate the input-output transfer function of
the system and the power spectral density of the noise resulting
upon translation from the molecular to the electrical domain. These
results are obtained through an empirical approach supported by a
computational model and a simulation framework based in part on
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our previous work [11]. For the first time, our frequency domain
analysis enables the estimation of the theoretical system capacity,
or achievable information rate, through an application of the water
filling algorithm [12].

The rest of the paper is organized as follows. In Sec. 2, we de-
tail the main concepts and mathematical formulas at the basis of
the redox-based molecular-to-electrical system model, and their
properties. The methodologies adopted for frequency analysis and
water-filling capacity estimation are described in Sec. 3. Sec. 4 in-
cludes numerical results of the simulation model in terms of input-
output frequency response, noise power spectral density, and the
estimation of the channel capacity. Finally, we conclude the paper
in Sec. 5.

2 SYSTEM MODEL

In this section, we briefly describe the main mathematical model
components of the redox-based communication system considered
in this paper and their implementation in the simulation framework.
For more details on the system and its components, refer to [11].
This model is an abstraction of the experimental device described
in [6]. Compared to the system model from [11], for this paper, we
considered only the diffusion noise and not the reaction noise. A
motivation for this choice is provided in Sec. 2.1.3.

The system model of the redox-based molecular-to-electrical
communication is envisioned in Fig. 1, with the input signal from
the Source being transmitted by the Molecular Transmitter
as a change in concentration (concentration rate) of redox-active
molecules (which can undergo redox reactions through the ex-
change of electrons) modulated through a given surface, propagat-
ing through the space via Molecule Diffusion before they reach
the receiving electrode. Diffusion Noise due to Brownian motion
affects this communication system. Upon reaching the receiving
electrode, the redox-active molecules undergo Redox Reactions
as function of the voltage at the electrode, resulting in an exchange
of electrons that is measured as an electrical current, which is the
output signal received at the Electrical Receiver, and sent to the
Destination. In this system, information flows from a molecular
domain to an electrical domain, namely, from an input concentra-
tion rate of molecules into an output electrical current, covering
the distance from the transmitter (e.g., biological cell culture) to the
receiver (electrode) via diffusion.

2.1 System Model Components

2.1.1
Fig. 1 is abstracted as an ideal emitter that modulates the incoming
redox-active molecules through a Surface, here for simplicity de-
picted as a disc. The redox-active molecules can be categorized into
two states, namely oxidized and reduced. The oxidized state refers
to the molecule chemical ionic state after losing one or more elec-
trons, while the reduced state refers to the same after gaining one
or more electrons [13]. The output from the transmitter Tx(¢) can
be expressed in terms of concentration rate, having the dimensions
of moles per unit volume per unit time as

Molecular Transmitter. The molecular transmitter as seen in
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where Cy, 5(t) is the concentration of redox-active molecules of
species m in redox state S (oxidized O or reduced R) at time ¢ on the
Surface. M is the total number of redox-active molecular species
considered in the system (M = 1 for the results presented in Sec. 4).

2.1.2  Molecule Diffusion. The redox-active molecules emitted
through the surface diffuse between the Surface and the Elec-
trode through a liquid solution (called buffer solution or redox
capacitor) [6]. This diffusion process is abstracted using the second
Fick’s law with inhomogeneous components [8]. The latter are
due to the flux of incoming molecules through the surface and
the change in redox state of the molecules reaching the electrode,
respectively. This diffusion process is mathematically expressed as

aC, x,t
{ m,;t( ) = Dmvzcm,S(x, t)---
(2
Iy (t
-+ m()5(x—H)} ,
nmFAr m=1.2,...M;S=O,R

where Cp, 5(x,t) is the concentration of redox-active molecules
of species m in a redox state S (O or R) at time ¢ and distance x,
Dy, is the diffusion coefficient of species m in the buffer solution,
I1n (¢) is the current measured at the Electrode at time ¢, n,, is the
number of electrons transferred per redox reaction, F is the Faraday
constant [13], Ar is the cross-sectional area of the reacting surface
of the Electrode. This equation has a boundary condition on the
Surface expressed as

Cm,S(Os t) = Cm,S(t) B (3)
where Cp, 5(0,1) is the concentration of molecules of species m
and redox state S at time ¢ on the Surface, and C,, 5(0, t) is the
concentration of molecules of species m and redox state S at time ¢
as part of the transmitter output Tx(#) expressed in (1).

As the molecules diffuse between the surface and the electrode,
they are affected by diffusion noise caused by the discrete nature of
molecules as well as the randomness in their movement attributed
to Brownian motion. This diffusion noise can be modeled as a
volumetric Poisson counting process [8] at the electrode with an
expected rate equal to the concentration of redox-active molecules
at the electrode. As a consequence, the resulting noisy concentration
C’(H, t) at the electrode is expressed as

N’(2)
AxArNp’
where N’ (t) is the actual number of molecules at time ¢ as a result
of the volumetric Poisson counting process with an expected rate
equal to the concentration of a redox-active molecule in a finite
space volume of size AxAr at the Electrode (with a surface area of
Ar and depth Ax !, and N is the Avogadro’s number.

C'(H,t) = 4

2.1.3  Redox Reactions. Upon reaching the electrode, the redox-
active molecules undergo redox reactions, i.e., reduction or oxida-
tion, as follows:
kg
O+ne=R,
kp

©)

!Ax is a finite perpendicular distance from the Electrode. It is also the maximum
distance permissible in forming the finite space volume AxAr without producing alias
in the current output considering the input signal bandwidth (Table 3).
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Figure 1: System components of the redox-based molecular-to-electrical communication.
where O and R are the the oxidized and the reduced states of the governs the reaction rate of the redox reactions as in (6) and (7),
redox-active species, respectively, e is an electron, n is the number is applied to the electrode as function of the time ¢ through an
of electrons transferred, k¢ and kj, are the forward and reverse external circuit. This voltage signal is a triangular wave as function
reaction rate constants?, respectively. The reaction rate constants of the time, expressed as
of the redox reaction in (5) can be expressed as
204mp 1.
S T V(t) = sin” " (sin(2xft)), (8)
kfm(l‘) = k()me RT mr, (6)
Ky (t) = kome% (V(t)-E%) ’ ) where v4mp is the maximum net amplitude of the voltage signal,

and f is the frequency of the triangular wave. The use of a trian-
gular voltage wave to probe redox-active species comes from a
standard electrochemical analysis procedure called cyclic voltam-
metry (CV) [13], whose output is an electrical current dependent
on the redox reactions occurring at the electrode, expressed as

where ko, is the standard rate constant of species m, ap, is the
charge transfer coefficient of species m, n,, is the number of elec-
trons transferred per reaction of species m, F is the Faraday constant,
R is the molar gas constant, T is the absolute temperature, V (¢) is
the probing voltage applied at time ¢ at the Electrode, and EJ, is

the standard potential of the redox-active molecule of species m M
undergoing the reaction [13][14]. I(t) = Z nmFAr kg, ()C, o (H, 1)
In [11] the reaction noise was modeled based on the Stochastic =1 ’ )
Simulation Algorithm (SSA). This results in a noise that approxi- oo —kp, ()C) R(H,1)]
m m, 4 4

mates to a temporal Poisson counting process [15]. In the scope of
this paper, with the simulation setting and parameters used, the
magnitude of the reaction noise was observed to be much lower
than the magnitude of the diffusion noise, and therefore negligible
in the current analysis. The impact and comparison of the two
noises in other settings will be investigated in future work.

where I(t) is the total measured output current at time ¢, C;n o (H,t)
and C;, R (H, t) are the noisy concentration of species m in oxidized
and reduced states as calculated from (4), respectively, at time ¢
at the Electrode, n,, is the number of electrons transferred per
reaction of species m, F is the Faraday constant, Ar is the cross-

2.1.4 Electrical Receiver. The receiver is an electrode that acts as sectional area of the reacting surface of the Electrode, and ky, ()
the gateway connecting the molecular to the electrical domain. The and kp, (t) are the forward and backward reaction rate constants of
probing voltage signal V (), an auxiliary input to the system which species m at time t, respectively. The output of the system is defined
- as the absolute peak current (positive or negative) occurring in the
zkf and kp, are called reaction rate constants or reaction rate coefficients as per generated electrical current signal. The peak current corresponds

chemical kinetics terminology even if they are here defined as functions of time. This h h h diti
is because in this system they depend on a time-varying probing voltage, as expressed to the state when the output current saturates, and it is a common

in (6) and (7). output parameter in CV [13].
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Figure 2: Input sinusoidal signal

2.2 Linearity

The redox-based molecular-electrical communication system de-
tailed in Sec. 2.1 is characterized by a molecular input, an electrical
current output and an auxiliary input probing voltage. While the
auxiliary input probing voltage and the electrical current output
have a nonlinear relationship, as per (6), (7), and (9), the relation
between concentration of redox-active molecules at the electrode
and the electrical current output is linear, as per (9). Given a spe-
cific redox-active species and an auxiliary voltage signal, the output
electrical current is proportional to the redox-active molecule con-
centration at the electrode, which in turn is proportional to the
input concentration rate according to the Fick’s laws of diffusion.
Therefore, the electrical current output signal (and its peaks) is
proportional to the molecular concentration rate input signal.

Another theoretical proof of input-output linearity for this sys-
tem stems from the Randles-Sevchik equation, which computes
the peak current achieved as a function of the molecular concen-
tration at the electrode, diffusion coefficient, scan rate, and other
constants [16].

3 COMMUNICATION PERFORMANCE
ANALYSIS TOOLS AND METRICS

The input-output linearity of the system model, as explained in
Sec. 2.2, allows the application of linear system theory and tools,
which greatly simplify the calculation of communication perfor-
mance metrics through frequency domain analysis. Since the equa-
tions governing the system model detailed in Sec. 2.1 cannot be
readily formulated into an input-output closed-form analytical ex-
pression, in this paper we follow an empirical methodology to
obtain an estimation of the communication performance of the
redox-based molecular-to-electrical communication channel. This
methodology is based on the water filling algorithm [17] applied
to a computational model of the system components described in
Sec. 2. We developed the computational model using finite differ-
ence methods applied to CV simulation [18], and we implemented it
into a simulation framework that we published as a freely available
web application [19].

3.1 Empirical Frequency Analysis

In this paper, we are interested in calculating the frequency response
of the redox-based molecular-to-electrical communication system,
as well as the power spectral density of the resulting noise at the
output of the system. The latter is then utilized for estimating the
water-filling capacity of the system. With reference to the system
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model in Sec. 2, in the scope of this paper the frequency analysis
is made for a single redox-active molecule species, i.e, M =1,
and considering an input signal composed of molecules in only
one of the two states S (reduced or oxidized), which results in the
following transmitter output:

Tx(t) = Cs(0,1) . (10)

In this paper, we apply a set of sinusoidal input signals (with vary-
ing frequencies) to the system, and we record the corresponding
simulated output signals. With reference to Fig. 2, each input signal
to the simulation is a sinusoidal redox-active molecule concentra-
tion rate signal with a specific amplitude Amp around an average
value cgq, sampled with an interval At, expressed as
. 1

Cs(0,IAt) = cqug + Amp sin (ZnU—_LlAt) , (11)
where 7 is the period in seconds of one CV triangular wave, as
explained in Sec. 2.1.4, j is the number of CV cycles (number of
triangular wave periods) that are performed within each sample
interval At, I refers to the I[*" sample of the input, and L is the total
number of input samples to complete one period of the sinusoidal
signal.

The bandwidth of the system being explored with the input sig-
nal in (11) is limited by the period 7 of the CV probing voltage signal.
In fact, this period is chosen as to obtain a stable CV output given
the specific redox-active species considered in the system [13]. Once
7 is set, the limit for obtaining an output response of the system
in terms of peak of the output current I(t), expressed in (9), is to
sample the input signal with a minimum interval At corresponding
to exactly one CV cycle. This minimum constraint on the sampling
interval limits the maximum frequency that can be possibly applied
to the input, according to the Nyquist-Shannon sampling theorem,
to ZLT Within the scope of this paper, once a specific redox-active
molecule is considered, this limit defines the maximum operating
bandwidth of the redox-based communication system. In our em-
pirical frequency analysis, the frequency of the input signal (11) is
selected by varying the number j of CV cycles per sample from a
minimum of 1 to a maximum value, corresponding to the lowest
probed frequency.

For each signal (11) applied to the computational model simula-
tion of the system, we obtain an output current, whose peak value
(positive or negative, depending on the specific redox-active species
in the system) is considered the output at each sampling interval
At. These output signal samples contain the linear response of the
system to the input sinusoidal signal together with the contribution
of the noise detailed in Sec. 2.1.2. The amplitude of the frequency
response of the channel is obtained by extracting the amplitude
of the main frequency component from the output signal (at a fre-
quency equal to the frequency of the corresponding input signal)
for each probed frequency, and by dividing it by the amplitude Amp
of the input. The noise power spectral density PSD;;se (T]LL)
is instead obtained by dividing each sample of the output signal by
the corresponding sample of the input signal, and then by comput-
ing the variance of the resulting values across all samples. We are
aware that the calculation of the noise power spectral density is
suboptimal given the Poissonian nature of the noise, but we believe
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Table 1: Input Signal Parameters

Parameter Value
Number of Samples (L) 100
Average Concentration (Cgog) 500f M
Amplitude (Amp) 200fM
Time Period of one CV cycle (7) 20s
Frequency TJLL Range [ 5%x107%,5x107* ] Hz
Distinct Frequencies (J) 100

this can be useful for a preliminary investigation of the capacity,
inspired by the work in [12].

3.2 Capacity Estimation through Water Filling

The water filling algorithm is applied to estimate the capacity of a
channel affected by Gaussian additive noise with an optimal signal
power allocation [17]. In the scope of this paper, although the noise
is neither additive nor Gaussian, as detailed in Sec. 2.1.2, we apply
this algorithm by following a similar methodology as described
in [12], with the goal to provide an initial estimate of the redox-
based communication channel capacity.
Our methodology comprises the following steps:

(1) Find the noise power spectral density as described in Sec. 3.1.

(2) Find the average power of the output signal, which corresponds
to the desired average input power for which we set to estimate
the water filling capacity. Let it be denoted as v.

(3) Using the obtained average power as the “water line”, find the
power of the output signal without noise, which is the differ-
ence between the average power and the noise power at each
frequency.

(4) Estimate the capacity through water filling by applying the
Shannon-Hartley theorem [17] with the following expression:

v—PSDnoise (T]LL)

. (12)
PSDnoise (”LL)

C—i ! _ ! log, [1+
_j:2 (j—1)L tjL 82

where C is the capacity, v is the desired average input power,

PSDyise (ULL) is the power spectral density of the noise at

T]L.L, and ] is the total number of distinct frequencies

used in the generation of input concentration signals across the
range mentioned in Tab. 1.

frequency

4 NUMERICAL RESULTS

The parameters for the input signal (11) used in this paper to obtain
the numerical results are detailed in Tab. 1. The frequency range
corresponds to having from 100 down to 1 CV cycle(s) between two
consecutive samples of the input signal in (11).

Ferrocene (Fc), a commonly used redox-active species, was cho-
sen for the simulations [13][20]. The species-specific parameters
are displayed in Tab. 2, and were estimated based on experimen-
tal results by Dr. Eunkyoung Kim from Dr. Gregory Payne’s lab
at University of Maryland. Tab. 3 shows the simulation-specific
parameters used in the computation of these results.
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Table 2: Species-specific Parameters

Parameter Value

3.79 X 1076 cm?/s
4.98 x 107% cm?/s

Oxidized Diffusion co-efficient (Dp)
Reduced Diffusion co-efficient (Dg)
Electrochemical rate constant (ko) 1.75 % 1072 cm/s
Charge transfer co-efficient (c) 0.55
Electrons transferred per reaction (n) 1
Temperature (T) 310.15 K

*Ferrocene is in reduced state initially.

Table 3: CV Simulation Parameters

Parameter Value
Sampling time (At) 0.1s
Sampling space (Ax) 0.0011 cm
Amplitude of voltage signal (vamp) v
Voltage scan rate (v = Z%Tmp) 0.01 V/s
Electrode surface area (Ar) 0.0314 cm?

With the parameters stated in the aforementioned three tables,
simulations were performed for each frequency of the molecular
input concentration signal. The corresponding output of the system
for Fc is the negative current peak value. The frequency response
of the channel as well as the noise power spectral density were ob-
tained according to the description in Sec. 3.1. Figure 3 displays the
frequency response of the channel across the range of frequen-
cies stated in Tab. 1. The noise power spectral density shown
in Fig. 4 was obtained from the electrical output signal across the
permutations of frequency and concentration values.

%108

Frequency Response

1.782

1.78

1.778

1.776

Amplitude (A)

1.774

1.772

177 ‘ ‘ ‘
0 05 1 15 2

Frequency (Hz)

25
x1074

Figure 3: Frequency response of the channel.

The capacity estimation through water filling was implemented
with a desired average output signal power of 3.0412 x 1077 iiz
(where A stands for Ampere and M stand for Molarity, which is
generally measured as moles per liter) as the water line value v, and
by following the steps mentioned in Sec. 3.2. We obtained an initial

estimate for the capacity C of 0.0000163%, which corresponds
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Figure 4: Noise power spectral density with diffusion noise
in the channel.

to a value of 0.0587%. Given that the time scales of biological
processes, especially those envisioned to provide the input to the
redox-enabled communication system device described in [6], are
of the order of hours or even days, this estimated capacity value is
believed to be sufficient for the envisioned applications.

5 CONCLUSION

In this paper, building upon the computational model and the sim-
ulation framework for a redox-based molecular-to-electrical com-
munication channel, we introduced an empirical frequency domain
analysis. We used an input sinusoidal wave with varying frequen-
cies as the transmitted molecular concentration signal to observe
the channel’s response as an electrical output current. This analysis
enables the characterization of this communication channel from
the perspective of the frequency response and the noise power spec-
tral density. From these results, we obtained an initial estimate for
the channel capacity using a water filling algorithm, learning that
this system could theoretically achieve a capacity of 0.0587%,
which is in line with the expectations of such an interface. Even
if preliminary, these communication theory-based performance
metrics in conjunction with system design principles can be used
to optimize and engineer redox-based molecular-electrical commu-

nications for future MC-enabled systems and devices.
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