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Abstract. Molecular Communications provides a promising solution
to achieve precise control and process of bio-things in applications
of Healthcare-IoT. In this paper, we investigates the mechanism of
electromagnetism-induced molecular communications (EMC) among
non-excitable biological cell networks. We choose calcium signals as the
physical information carrier to study the paradigm of EMC. Firstly, an
electromagnetism-potential coupling model is established to study the
electric-magnetic induction behaviour of cellular membrane potential.
Then, an Ca’t oscillation model is established to study the relation
between membrane potential and Ca?T signals. Further, we validate the
waveform patterning of calcium signaling by applying various intensi-
ties and frequencies of electromagnetism. This paper shows the rela-
tions between electromagnetism stimuli and calcium oscillation through
mathematical modeling and numerical experiments. We find that there
exists a resonance behavior between electromagnetism and calcium sig-
nals, namely calcium signals oscillate via a similar frequency with the
electromagnetism. This paper reveals that molecular communication can
be effectively induced by traditional electromagnetic signals.
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1 Introduction

Progress of precise healthcare applications requires nano-scale process technolo-
gies of bio-things in intra-body environment, where most traditional IoT devices
are not tiny and bio-compatible enough for intra-body applications [1]. Molecular
communications (MC) are proposed as a new communication paradigms which
enables multiple of nano-machines to cooperate for various nano-scale tasks [2].
In a MC system, nano-machines act as different roles including transceiver and
relays to process information of nano-scale networks.

In this work, we choose Ca?* signals as the information carrier for MC com-
munication system due to follow two considerations. First, Ca?* signals is one of
the most important physiological signals in vivo. Ca2T signals is the well-known
second messenger, which plays critical roles in many metabolism processes and
is closely associated with many diseases. Thereby Ca?*t signals are worthy to
be investigated in the research scope of biology and medicines. Second, Ca?*
signals appear as some patterns of waveforms, that is similar to the electromag-
netic wave. In the ideal environment, Ca?* signals even propagate as the periodic
waves of impulses, the amplitudes and frequency of impulses can be regulated
via some bio-engineering methods.

A simplest MC system can be divided into a transmitter, a receiver and the
communication channel according to the physical layer concept. Plenty of litera-
tures have addressed on the work of receiver technologies, which aims to extract
the information from the absorbed molecules around the receivers. Typical cases
are like signal detection [3], decoding or demodulation [4], ISI-elimination [5],
etc. Research on MC channel enables nano-machines adapts the unique charac-
ters of the special channels. Typical cases are channel coding [6], channel mod-
elling [7], channel synchronization [8], etc. Transmitter is another important unit
in communication system. However, limited literatures try to study MC from the
aspect of transmitter. In [9], a multiple transmitter local drug delivery system
associated with encapsulated drug transmitters was investigated. In [10], the
authors discussed issues concerned with transmission rate control in molecular
communication, an emerging communication paradigm for bio-nanomachines in
an aqueous environment. In [11], the authors modeled the molecule emission
process more accurately using rectangular and exponential transmit signals and
derived closed form expressions for the number of molecules that are absorbed
by the receiver in a diffusion-Based MC system.

To design the transmitter, an unsolved challenge is how to trigger and control
nano-machines directly in bio-systems. Embedded nano-machines placed in vari-
ous organs, tissues and cells, which need programmable instructions. One major
class of existing solutions are enabling nano-machine with intelligent abilities via
some bio-engineering methods. For example, DNA robots equipped with recom-
binant nucleotides are capable of storing, moving and reacting in the biological
networks [12]. Bacteria can also be modified using filled nucleotides to express
various functions of nano-machines. Another way to trigger biological signals can
be from external space. Plenty of experiment results reveal that some physical
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or chemical stimuli can effectively induce various biological signals and promote
metabolism of bio-systems [13].

In this work, we consider a non-excitable epidermis cell as the transmitter
in MC system. We propose a controllable designed transmitter for MC system.
With the inspiration of external electromagnetism, the transmitter cell is able
to generate various patterns of waveforms in the communication process in the
design. By adjusting the parameters of electromagnetism, we can adjust the
amplitude and frequency of the waveforms, in order to express the various bits in
the coding. We establish a model of Ca?* signal generation, which is divided into
electromagnetism-potential coupling phase and Potential-induced Ca?* signal
phase. In the first phase, the electromagnetism act on the cell membrane and
elevate the its potential. In the second phase, the elevated membrane potential
promote the release of Ca?* ions from organelles to generate MC signals.

The rest of this paper is organized as follows. Section 2 introduces the trans-
mitter design of MC. Section 3 shows numerical results to demonstrate the capa-
bility and performance of the designed transmitters. Section 4 gives a summary
of this work to conclude the paper.

2 System Overview

The proposed MC system is presented in Fig. 1, which is composed of an electro-
magnetic device and biological epidermis cells belonging to human-beings. We
assume that the electromagnetic device is regarded as the controller, which is
capable to actuate the transmitter by emitting low-frequency electromagnetic
waves. The low-frequency electromagnetic waves are regarded as the controlling
massages, which effects on biological cells and lead a series of bio-chemical reac-
tions epidermis cells. We choose sine save to contain the controlling massages
due to its university in application of wireless communications. Epidermis cells
are regarded as the transmitter, where Ca?t concentration of epidermis cells
oscillate as various patterns of waveforms to trigger MC process. In this work,
we focus on the transmitter design in one single cell, namely, we ignore the
interactions between different connected cells.

3 Electromagnetism-Enabled Transmitter Design

The proposed transmitter includes two phases, which are electromagnetism-
potential coupling phase and potential-induced Ca®* signaling phase.

3.1 Electromagnetism-Potential Coupling Phase

Let I = Epsin(27ft) denotes the alternating electromagnetism as the system
input with electromagnetism intensity FE,, and alternating frequency f. The
potential of the cell membrane is raised due the movement of electric ions, which
is promoted by three different classes of forces, expressed by,
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Fig. 1. Proposed system model
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where [ is the moving distance of electric ion compared to the initial position
during the moving process.
The first class of force is restoring force resulted by electrochemical gradient,

Fy = —mw?l (2)

where m is the quality of the electric ion, and w = 27 fs is the self-sustained
oscillation angular frequency. Accordingly, fs is the self-sustained oscillation fre-
quency.

The second class of force is the external force brought by the electromag-
netism, expressed by,

Fy = B 2qestn(27 ft) (3)

where z is the valence state of the electric ion. g, = 1.6 * 1071 C is the unit
electric charge.
The third class of force is decaying force, expressed by,

dl
Fr = —\— 4
3= A (®)
where A is the attenuation coefficient. The approximated solution of Eq. (1) is

given by,

En2qe

l=—
2T A\v

cos(2mut) (5)
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In this work, we consider the effect of electromagnetism on SOC channel on
the cellular membrane, resulted by a force [],

_ 1 . q - 2qe (6)
4meeg 72

where ¢q is the vacuum dielectric constant, € is the relative dielectric constant,

q = 1.6 % ¢, is the charge of SOC channel. r is the distance between the free

charge and SOC channel. Cellular membrane potential is related to the mem-

brane thickness s, the effect force F' and the charge ¢, expressed by,

S
V,=F-2 7
. (7)

Through a differential operation, we have,
S

OV = 0F - — (8)
q

Take the expression of Eq. (6) into (8), we have,

1 gz
OV = 2weeg 13 or ©)

Assume that position of the electrical ion is the origin, then 0z = Or holds.
By integrating Eq. (5) and (8) into (9), the variation of membrane potential is
give by,

av. I q-2g s Eozge

“meee P 4 A sin(2mvt)0t (10)

3.2 Potential-Induced Ca?* Signaling Phase

A widely-accepted model [16] of calcium dynamic is adopted to describe the
intracellular oscillation process, which is shown in Fig. 2. For cell 7 in the network,
two variables x; and y; are respectively used to describe the Ca?* concentrations
in the cytoplasm and internal store. The Ca?* dynamics is described by the set
of equations below.

d
d—f:P1*P2+P3+a1y*a2x+IGa (11)
d
£:P27P37a1y’ (12)
where
Q1 = b1 + ba(t) (13)
bs - x>
p=27 (14)

= 4[)42 +x27
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b5 . x4y4
(b6" + 24 (br* + )
Py denotes the Ca?t increase from the extracellular space via different classes
of channels. P, and P3 determine the Ca?* exchange between the cytoplasm and
internal stores due to the regulation of channel permeability. In P;, b; denotes
non-electromagnetism-induced Ca2?* increase due to the constant pumping of
Ca?T influx. by(t) denotes Ca®* increase due to the promotion of electromag-

netism. In this model, the expression of ba(t) is related with change of membrane
potential V,,,,

(15)

Py =

AV,

where C, is the capacitance of the cell membrane.

4 Performance Evaluation

In this section, we present the patterning behaviours of Ca?* signals induced by
the transmitter. The target of the simulation is to validate the availability and
performance of the proposed transmitter.

4.1 Simulation Configuration

The parameter configures include two parts: the first part is parameters of
electromagnetism-potential coupling phase, which is listed in Table1 [14,15];
the second part is parameters of potential-induced Ca?* signaling phase, listed
in Table 2 [16,17].

Table 1. Electromagnetism-potential coupling parameters

Parameter | Value
Qe 107 C
1.7*q. C
1
€ 4
€0 8.854 10712 N~ 'm—2C”
r 107° m
s 1078 m
A 6.4 %1072 kg/s
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Table 2. Ca®" signaling parameters

Time (s) x 10 Time (s) x10°

Fig. 2. Waveform patternings of membrane potential (V;,
different E,,, f = 0.2Hz, (a) (g) Emn = 0.0005 mV/m, (b

Time (s) x10%
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Fig. 3. Waveform patternings of membrane potential (V;,) and Ca** signals (x) under

different f, F,,
0.2Hz, (d) (j) f

0.005mV/m, (a) (g) f = 0.08Hz, (b) (h) f = 0.1Hz, (¢) (i) f =
0.5Hz, (e) (k) f =1Hz, (f) (1) f =2Hz.
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4.2 Waveform Patterning Presentation

In Fig.2, we check the waveform patterning of membrane potential and Ca?*
signaling by regulating E,,. Curves of (a) to (f) denote the waveforms of Ca?*
concentration (i.e., z), and curves of (g) to (i) denote the membrane potential
(i.e., Vin). We can see that V;, changes as a sine shape, that is also presented
in Eq. (10). Increase of E,, amplifies the amplitude of V,,, from 0.2 to 40 pV,
while its oscillation frequency keep the same with f (4 periods in 20 s). By
observing the Ca?* concentration x, we see that  performs as sine wave when
E,, is small (E,, = 0.0005 mV/m), then becomes the impulse arrays when E,,
is a little larger (E,, = 0.002,0.005mV/m), and becomes approximated sine
waveforms when F,, is large enough E,, = 0.01,0.05,0.1 mV/m. According to
existing knowledge, Ca?T signals perform as impulse arrays when cells function
normally. So we have the following findings: 1) Ca?* signals perform as normal
impulse arrays just when F,, locates in a suitable area; 2) High intensities of
E,, break the normal impulse patterning of Ca?* signals and turn it into sine
waves.

Similarly, we check the waveform patterning of membrane potential and Ca?*
signals by regulating their frequencies f in Fig. 3. Curves of (a) to (f) denote the
waveforms of Ca?t concentration (i.e., x), and curves of (g) to (i) denote the
membrane potential (i.e., V,;). In this figure, V;,, changes as a sine shape, and
its frequency increases under different f. When f is small, one E,, peak evoke
different number of Ca?* impulses. The impulse number per V;,, peak is initially
4 when f = 0.08 Hz, decrease into 3 when f = 0.1 Hz, and finally becomes 1 when
f = 0.2Hz. Ca?* impulses change and then disappear when f is regulated from
0.5 to 1 Hz. When f = 2Hz, Ca?t seems to perform as dense sine waveforms.
We find that slow oscillation of electromagnetism evoke discrete Ca2t impulses,
and fast oscillation of electromagnetism turn Ca?* signals into sine waves.

4.3 Waveform Similarity Analysis

Based on the similarity of curves in Fig.2 and 3, we apply a signal correlation
coefficient (denoted by p) to quantify the waveform similarity between Ca2*
signals and membrane potential signals. p is given by,

. E((z — E(2))(Vim — E(Vin)))
VE((z — E(2))?)E((Vi — E(Vin))?)

where E(.) is the average function. Obviously, p locates in area of [—1,1];

In Fig. 4, we validate the relationship between the signal correlation coeffi-
cient p and electromagnetism intensity F,, under different f. It can be seen that
with the increase of E,,, p firstly drop quickly from 0.9 during a small change
of E,,, and then rise slowly until recover to steady level. There exists a mini-
mum point for p by altering F,,. Also, various f make difference for p. when
f = 0.1Hz, p could reach to nearly 1 if E,, is 0.02 mV/m, while p could just
reach to nearly 0.7 when f = 1Hz. The minimum point of p also increases with
increase of f.

(17)
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In Fig.5, we validate the relationship between the Signal correlation coef-
ficient p with variation of f under different E,,. It can be seen that with the
increase of f, p firstly drops and then rise. There exists a minimum point for p by
altering f. Also, various E,, make difference for p. when E,, = 0.0005mV /m,
the minimum point is around from 0.4 to 0.6, and the rise of p is very slow
around 0. when E,, = 0.005mV/m, the minimum point of f is located in 1.4 Hz,
and p rise quickly then fall again. Similar case holds when FE,, =
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Fig. 5. Signal correlation coefficient p with variation of f under different E,,.
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their minimum points are quite close. When E,,, = 0.015mV/m, the minimum
point moves to around 1.8 Hz.

To precisely control the transmitter, we wish to avoid the minimal point and
increase p. Above two figures tell us that there are some bad performance cases
when we alter the value of E,, and f. The trends of the curves guide us to
increase the communication performance and controllability of the transmitter.

5 Conclusion

In this paper, we investigated the issue of electromagnetism-enabled transmit-
ter design for molecular communications. We proposed a MC framework which
utilize electromagnetism waves to actuate the transmitter. In the transmitter
design, an electromagnetism-potential coupling model is proposed to establish
a bridge between electromagnetism signals and biological signals. We further
extend the oscillation models of Ca?T by integrating the variation of membrane
potential.

This paper shows that electromagnetism-enabled transmitter of molecular
communications are feasible through mathematical modeling and numerical
results. Future work includes the extension of proposed method from single cell
to multiple cells, and experiment validation of electromagnetism-induced molec-
ular communications.
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